Computational science projects and the development of mathematical problem solving skills in secondary students by Fyfe, Stephen Andrew
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1995
Computational science projects and the
development of mathematical problem solving
skills in secondary students
Stephen Andrew Fyfe
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Communication Technology and New Media Commons, Computer Sciences
Commons, Instructional Media Design Commons, and the Science and Mathematics Education
Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Fyfe, Stephen Andrew, "Computational science projects and the development of mathematical problem solving skills in secondary
students " (1995). Retrospective Theses and Dissertations. 10906.
https://lib.dr.iastate.edu/rtd/10906
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photogrq>hs included ID the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for ai^ photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. Ml 48106-1345 USA 
313.'761-4700 800/521-0600 

Computational science projects and the development of mathematical problem solving skills in 
secondary students 
by 
Stephen Andrew Fyfe 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fullfillment of the 
Requirements for the Degree of 
tXXTOR OF PHILOSOPHY 
Department: Curriculum and Instruction 
Major: Education (Curriculum and Instructional Technology) 
Ap^Ved: 
In Charge of Major Work 
For the Major Department 
Graduate CoUege 
Iowa State University 
Ames, Iowa 
1995 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UMI Number: 9531742 
OMI Microform 9531742 
Copyright 1995, by DMI Company. All rights reserved. 
This microform edition is protected against unauthorized 
copying under Title 17# United States Code. 
UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 
ii 
Tliis work is dedicated to Lisa and Rachel. 
Lisa, you allowed MY dream for the future to become OUR dream for the future, and for that I am 
forever grateful. It is now time to pursue new dreams! 
Rachel, you entered our lives as Lisa and I were working on this dream for our lives, and have 
succeeded in making our dream more complete. We only hope that we will be able to help you 
pursue your hopes and dreams when that time comes. 
iii 
TABLE OF CONTENTS 
GENERAL INTRODUCTION 1 
Computational Science 1 
Dissertation Organization 3 
THE COMPUTER IN THE MATHEMATICS CLASSROOM: A REVIEW OF THE 
RESEARCH, AND FUTURE DIRECTIONS CONSISTENT WITH THE NCTM STANDARDS 
AND SITUATED COGNITION THEORY 4 
Situated cognition and the NCTM standards 5 
The computer in the mathematics classroom 15 
Summary 39 
COMPUTATIONAL SCIENCE PROJECTS AS AN ENVIRONMENT FOR STUDENT 
LEARNING ABOUT FUNCTIONS: A CASE STUDY APPROACH 42 
Background 43 
Method 49 
Results 56 
Summary and conclusion 69 
SITUATING MATHEMATICS INSTRUCTION ON FUNCTIONS AND VARIABLES 
WITHIN A COMPUTATIONAL SCIENCE PROJECT 71 
Computers and Functions 72 
Method 77 
Results 86 
Discussion 93 
Summary and conclusion 95 
CONCLUSION 97 
REFERENCES 101 
ACKNOWLEDGMENTS 106 
APPENDIX A: TEST FORM A AND B 107 
APPENDIX B: SUBJECT DATA 116 
APPENDIX C: TRANSCRIPT OF GROUP'S WORK 119 
APPENDIX D: HUMAN SUBJECTS APPROVAL 138 
1 
GENERAL INTRODUCTION 
The computer can be used in a mathematics classroom in many different ways. Possibly its 
most powerful application in mathematics is as a tool that can be used to support a mathematical 
investigation. Examples of computer-based tools include: computer simulations, programming, 
spreadsheet and graphing tools, and computer networks. Recent research in each of these areas has 
yielded many positive results, but not unanimously so. There is still much to be learned about how 
this tool can be effectively employed in a mathematics classroom. 
Two fairly recent developments should prove to be useful guides as the computer is 
incorporated into mathematics teaching. The National Council of Teachers of Mathematics' (NCTM) 
Curriculum and Evaluation Standards (NCTM, 1989) help to define the content of a matliematics 
education, and provide a set of goals for students as they progress through their mathematics 
education. Any use of the computer in the classroom should be consistent with these standards and 
the goals they set. The second development that should help guide the use of computers in 
mathematics instruction is situated cognition theory (Brown, Collins, & Duguid, 1989). Tliis theory of 
learning proposes that the knowledge and concepts that we learn is tied to the situations in which we 
learn them. To be able to effectively use what we leam in the classroom in other environments, the 
classroom situations need to be related to the environments outside the classroom where that 
knowledge will be applied. Based on this theory, the computer needs to be used in authentic 
situations that give students an opportunity to leam and apply mathematical concepts to their 
everyday living. 
Computational science 
A new computer-based tool that requires some exploration is the use of high-performance 
computing environments in the mathematics classroom. Through high speed computer networks 
these environments provide students with access to the most powerful computers available and to 
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sophisticated data visualization (graphing) software. These tools are used to study the world using 
"computational science" techniques. Computational science involves the modeling of a phenomena 
with an algebraic equation or a series of algebraic equations and then programming that model on the 
computer. That program is then used to experiment with the model. Variables are input into the 
program, and the program is executed. The data from the program is then studied to determine the 
effect of the inputs. This process often results in changes to the inputs and more experimentation. 
Quite often the data from the program is studied by putting it into visualization software which 
creates a picture of the data. High powered supercomputers are often needed in this process because 
tlie equations involved in the model require a large amount of computation, and supercomputers are 
necessary to complete the process in a reasonable amount of time. 
Computational science is becoming a useful tool for many scientists to explore the world, but 
it also has potential for use in teaching students about science and matliematics. The work that 
students do as they study a computational science problem using computational science techniques 
provides many opportunities for learning and applying many mathematical concepts in ways that are 
consistent with the NCTM standards and situated cognition theory. Programs introducing high 
school students to computational science are beginning to appear (Berg, 1992). These programs 
generally seek to involve students in long term projects investigating some problem using 
computational science techniques. There is still much to be known about how to apply 
computational science projects in the mathematics classroom, however. Work is needed investigating 
what mathematical concepts and ideas students actually learn and apply as they complete a 
computational science project, and how these projects can be structured so that this learning is 
consistent with the ideas of the NCTM standards and situated cognition theory. This work reports 
the results of an investigation of the use of a computational science project in developing in students 
an understanding of mathematical concepts related to functions. 
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Dissertation organization 
Tliis dissertation is organized to include papers wliich will be submitted for publication. 
Three papers are included in the dissertation. Tlie first paper reviews recent research on the use of 
computer-based tools in the mathematics classroom and relates that research to the NCTM standards 
and situated cognition theory. Tlie other two papers report the results of two related studies which 
investigated the use of a computational science project in developing secondary students' 
understanding of and ability to apply mathematical concepts related to functions. Tlie first of these 
papers reports on a study of the process completed by one group of students as they worked on a 
computational science project. The last paper reports the results of a study investigating if students 
improved in their understanding of a specific type of function and their ability to use variables to 
model that function after completing a computational science project. 
Following these papers is a general conclusion which summarizes the results of the papers, 
and following that is a list of references cited throughout the dissertation. 
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THE COMPUTER IN THE MATHEMATICS CLASSROOM: A REVIEW OF THE 
RESEARCH, AND FUTURE DIRECTIONS CONSISTENT WITH THE NCTM 
STANDARDS AND SITUATED COGNITION THEORY 
A paper to be submitted to the Review of Educational Research 
Stephen Fyfe 
The computer can be an extremely powerful tool that can aid many types of mathematical 
investigations. It is in this role as an investigative tool that many believe the computer will have 
its greatest impact on mathematics education (Papert, 1993; NCTM, 1989 & 1985; Popp, 1986). Two 
fairly recent developments should have a strong impact on how this tool is incorporated into 
mathematical investigations in the classroom. One development, the National Council of Teachers 
of Mathematics Curriculum and Evaluation Standards (1989) should be familiar to most people in 
the educational community, and certainly to those in the mathematics education community. The 
NCTM standards create a vision for mathematical literacy in today's world, and provide a set of 
guidelines for altering school mathematics to achieve that vision. These standards will likely 
prove to be an important tool to guide the incorporation of computer-based tools in a matliematics 
classroom. 
The other approach, however, may not be as familiar, and that is the theory of situated 
cognition (Brown, Collins, & Duguid, 1989). This theory of learning proposes that knowledge is 
fundamentally situated within the context in which it was learned. It cannot be separated and 
taught apart from the situations and activities in which it will be used. Learning should be 
embedded within authentic situations that illustrate how knowledge is used in situations outside 
the classroom. Tliis perspective on learning views knowledge, not as a body of facts and concepts, 
but as a set of tools that are used to help the person shape his/her understanding of the world. The 
classroom, according to this perspective, must be a place that demonstrates how knowledge is used 
in real situations, and gives students the opportunity to practice using that knowledge in an 
authentic way. 
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The computer has many uses in a mathematical classroom. It can be used to drill students on 
mathematical facts, or to provide a tutorial over a mathematical concept, for example. It could 
also be used as a tool that students use to support a mathematical investigation. It is in this role as 
an investigative tool that the use of the computer seems most consistent with the theory of situated 
cognition and the NCTM standards. Tills paper will review tlie research on various computer-
based tools in mathematics education. This research will be related to the NCTM standards and 
the theory of situated cognition in order to explore future directions for research related to the use 
of these computer-based tools in a mathematics classroom. The different computer-based tools 
reviewed in this paper include: computer simulation, programming, spreadsheet and graphing 
software, and computer networks. In addition, the emergence of high performance computing as a 
tool in the mathematics classroom will be discussed, and its role in a situated mathematical 
learning environment will be examined. Before this research is presented and reviewed, the theory 
of situated cognition will be summarized and its relationship to the NCTM standards will be 
discussed. 
Situated cognition and the NCTM standards 
Overview of situated cognition 
According to Brown, Collins and Duguid (1989), traditional instruction generally assumes 
that knowledge can be separated from the context in which it will be used. Knowledge, from this 
perspective, consists of a large body of facts, procedures and concepts, and the task of a school is to 
present as much of this body as possible while students are within its walls. Often this body of 
knowledge is taught in an abstract, decontextualized manner. The challenge of recognizing 
situations outside the classroom where the knowledge that was learned in the classroom setting can 
be applied is left for the students. Students, however, often fail to make the connection between 
what they leam in the classroom and their activity outside the classroom. 
As evidence of the differences between knowledge learned in the context of a school and 
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knowledge used in sonre other context, consider the results from the Adult Math Project (Lave, 1988). 
In this project, adults were observed throughout their day to see how they used math, and how well 
they performed everyday tasks involving mathematics. The participants in the study were also 
given several school-like math tests which tested mathematical skills similar to those used in the 
everyday tasks. The results showed that performance on the school-like measures was not highly 
correlated with performance on the everyday tasks. This would indicate that a person's school 
mathematical knowledge is different from their everyday mathematical knowledge. Other 
studies have also revealed a disparity between the subjects' performance in the classroom and their 
performance on mathematical tasks that were a part of their everyday activity (Scribner, 1984; 
Herndon, 1971). 
Proponents of the situated cognition perspective argue that these results occurred because 
the traditional classroom situation is very different from the situations people encounter in their 
everyday life (Young, 1993; Brown et al., 1989; Lave, 1988). Because of the situated nature of 
knowledge, people are not able to transfer what they learned in the classroom situation to 
situations outside the classroom and vice versa. Knowledge and context are intertwined and cannot 
be separated for the sake of instruction. 
The role of knoiuledge. In order to alter schools to account for the situated nature of 
knowledge. Brown et al. (1989) assert that the prevailing view of what knowledge is must first be 
changed. Rather than thinking of knowledge as an abstract body of facts, procedures and concepts, 
it should be viewed as a set of tools to be used for exploring and understanding the world. 
How a tool is used often depends on the context in which it is used. Both a carpenter and a 
farmer may use a screwdriver, but how they use the screwdriver may be very different. It is the 
same with knowledge tools. A novelist and a mathematician will both use language to 
communicate ideas, but how they use language may be very different. Mathematicians are likely 
to be very succinct and concise. Their goal is to communicate precisely what they mean. Novelists 
on the other hand are often abstract and colorful in their use of language, and there may be many 
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meanings in their words. Both need to understand and have a command of the tool, language, but 
how that tool is put to use is very different. 
A second important characteristic of a tool is that the ability to use a tool effectively often 
requires practice and activity with the tool. A person may understand how a hammer works, but 
the first time he/she uses a hammer it is likely that they will not be able to hammer a nail in 
straight. A student may understand the Pythagorean theorem and given a right triangle they may 
be able to use the theorem to calculate the length of a side of the triangle, but unless they have had 
experiences applying the Pythagorean theorem he/she will probably not recognize situations in 
which the Pythagorean theorem can be used to find a needed distance. 
The role of authentic activity. Schools tend to spend most of their time teaching about 
these knowledge tools, without giving students much time to practice using the tools in authentic 
activity, activities which are similar to the situations in which students will apply the 
knowledge outside the classroom (Brown et al., 1989). In addition to learning algorithms and 
procedures for solving problems, students need to practice using those algorithms and procedures in 
the types of situations they will encounter outside the classroom. Students should use math in their 
math classes the way that an engineer designing a bridge would use math to determine the amount 
of stress being placed on certain points of the bridge, or the way a shopper in a grocery store uses 
math to determine if the sale on bread is really a bargain. 
Rather than simply learning the procedures for factoring quadratic equations, students need 
to practice using that tool to solve a real problem so that they are not only given the tool, they are 
also able to recognize when the tool is useful and able to use it effectively outside the classroom. 
Too often the activity of a classroom is embedded within the context of the traditional classroom 
situation, which does not allow much opportunity for authentic activity. The fundamental task, 
following this theory of situated cognition, is to redesign schools and classrooms so that students are 
able to productively participate in authentic activity, and leam to use the tool of knowledge 
effectively outside the classroom (Brown and Duguid, 1993). 
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Relationship to the NCTM standards 
These ideas from situated cognition theory are especially pertinent in mathematics as this 
discipline is in the midst of a major reform movement. Many in the mathematics community are 
calling for changes in the goals of a mathematics education, and how mathematics is taught 
(Papert, 1993; NCTM, 1989; National Research Council, 1989). Many of the changes proposed by 
those calling for reform are consistent with the theory of situated cognition. Situated learning 
environments can play an important role in achieving these new goals for mathematics education. 
The National Council of Teachers of Mathematics has been at the forefront of the reform 
movement. Leaders in this organization realized that a mathematics curriculum designed for an 
industrial society would not adequately serve students living in the information society that exists 
today. In 1989, the Coimcil addressed this need for changes to the mathematics curriculum with a 
set of goals and standards to guide the changes to be made (NCTM, 1989). A look through these 
standards reveals many ideas tliat are similar to the ideas of situated cognition. Five goals for all 
students are established in the standards (NCTM, 1989). Students' mathematics education should 
enable them to meet these goals: (1) they should value mathematics, (2) they should be confident 
in their ability to do mathematics, (3) they should become mathematical problem solvers, (4) they 
should be able to communicate mathematically and (5) they should be able to reason 
mathematically. Two other themes that are predominant throughout the standards are an 
emphasis on real world problems, and on making connections between mathematics and the world. 
Because of this emphasis on real world problems and making connections, it is assumed that these 
goals for students are goals for students outside the classroom. These goals are abilities and beliefs 
that should go beyond the walls of a mathematics classroom. Students should value the use of 
mathematics in their jobs. They should be able to do mathematics in the grocery store, not just in 
the classroom. They should see the utility of mathematical concepts in their Biology class. They 
should be able to solve every day mathematics problems and be able to use mathematics to reason 
about problems and issues they encounter every day. 
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To achieve these goals, it seems that ideas from situated cognition will be very important. 
In order for students to do mathematics outside of school, the mathematics they do in school needs 
to be similar to the mathematics they will do outside of school (Brown et al., 1989). For students to 
be able to solve problems and reason matliematically outside of school, the problems they work on, 
and the issues they consider in school need to be authentic problems and issues. The standards also 
change the view of mathematical knowledge in a way that is similar to the view of knowledge as 
a set of tools that the situated cognition perspective takes. The standards state that mathematical 
knowledge is more than simply a collection of concepts and procedures to be mastered. 
Mathematical knowledge is a tool for exploring, investigating, and reasoning about problems and 
issues. It is a tool for communicating ideas (NCTM, 1989). Mathematics educators need to teach 
students how this tool can be put to use. 
The design of situated learning environments 
Simply moving mathematics classrooms to the grocery store and other everyday places, 
however, is not what situated learning is all about. A careful, well developed plan for the activity 
of a school and classroom is needed to maximize the potential for learning. Two specific 
approaches to the design of situated learning environments that have been proposed in the 
literature are discussed next. 
Cognitive apprenticeship. One approach to designing situated learning involves anchoring 
the activity of the classroom as a cognitive apprenticeship (Collins, Brown & Newman, 1989). 
Similar to traditional apprenticeship, students become apprentices in the classroom, and learn, 
through guided experience, cognitive and metacognitive skills rather than physical skills. 
Through apprenticeship, students observe and engage in the processes that are used to complete 
complex tasks in realistic contexts as they work with a master practitioner(s). Collins, et al. 
provide a framework for designing learning environments in general and specifically cognitive 
apprenticeships. This framework has four dimensions; (1) content, (2) methods, (3) sequence and (4) 
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sociology. 
The content of traditional learning environments has typically been conceptual and factual 
knowledge associated with a specific subject. While this is certainly important, the content of 
learning environments incorporating cognitive apprenticeships should also Include the strategic 
knowledge that is often needed to make use of the concepts, facts and procedures when solving 
problems and carrying out everyday tasks. The second dimension of the framework focuses on the 
teaching methods used in the learning environment. Important teaching methods for cognitive 
apprenticeships include modeling, coaching and scaffolding. These teaching methods are used to 
give students the opportunity to observe the teacher as they tackle complex tasks, and then to work 
on their own tasks with the guidance and support of the teacher. The teacher becomes less of a 
lecturer and more of a model, coach and source of information in a cognitive apprenticeship. The 
next dimension of the learning environment is the sequence of activities in which students are 
engaged. A good apprenticeship will gradually increase the complexity of the tasks that students 
are asked to complete, and will gradually include tasks that require a greater variety of skills. 
Students may begin by completing only part of a complex task, and gradually, as they master the 
skills of the task, they begin to complete more and more of the task. The final dimension of the 
framework is the sociology of the learning environment. Cognitive apprenticeships will often have 
students surrounded by multiple master practitioners and will use both a cooperative and a 
competitive environment as students work with other apprentices. 
Young's tasks for situated design. Young (1993) provides a slightly different approach to 
the design of situated learning envirormients. He begins with the traditional classroom 
environment, the typical situation in which most school learning takes place. As a situation for 
learning, the traditional classroom environment, according to Young, is very different from typical 
situations in which loiowledge is used. His purpose is to provide a method of examining the 
classroom environment and molding it so that it more closely resembles the situations in which 
knowledge will be used. He identifies four main tasks to be completed when designing a situated 
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classroom learning environment. 
The first task is the selection of the activities and situations in which the students will be 
working. An important aspect of this task is selecting activities that give students the opportunity 
to practice the desired skills in the way they will be used outside the classroom and then 
sequencing those activities in such a way that those skills are allowed to develop. It may be 
important that students observe and work with the same knowledge and skills in multiple 
situations and activities to break through the situated nature of knowledge. 
The second task is providing the necessary supports or scaffolding for students so that they 
can operate in a complex environment as novices. This might include such things as limiting the 
complexity of the environment at the beginning, defining the role of the teacher in the environment, 
and providing the necessary sources of information as students work in the envirorunent. It is 
important here that students have multiple sources of information. In typical classroom 
environments, the teacher is the major source of information and guidance. In real settings, 
however, information is often found from multiple sources. Tlie situated classroom environment 
should reflect this broad base of sources of information and guidance. 
The third task involves providing supports for the teacher as he/she assists students 
working in the environment. The teaching methods that will be used need to be chosen. Tools for 
tracking student progress need to be developed. Related to this is the fourth task of defining the 
role of assessment in the environment. Because of the situated nature of knowledge, the truest test 
of student learning and the effectiveness of the situated environment is the students' ability to 
transfer the skills from the situation in which it was learned to other situations in which the 
relevant knowledge could be applied. The assessment must somehow determine if this transfer has 
occurred. Traditionally, assessment was thought to be separate from the learning environment and 
was often a written test at the end of a unit (Young, 1993). Wliile this form of assessment may still 
be used, it will likely not be effective as the sole tool for assessing the learning that takes place 
during authentic activity. Multiple forms of assessment that are integrated into the teaching and 
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learning environment are needed (Webb & Romberg, 1992; NCTM, 1989). 
A synthesis of ideas. There are many similarities between Young's and Collins, et al's 
ideas for tlie design of situated learning. Both involve selecting and sequencing appropriate 
situations for the students, and both recognize the importance of defining the role of the teacher 
and what teaching methods will be used in the environment. Collins et al. also discuss the 
sociology and tlie content of the environment, while Young includes the nature of assessment and its 
role in the environment. Combining their ideas may provide a more comprehensive framework for 
the design of a situated learning environment. From their ideas four important components of a 
situated learning environment can be identified; 
• The content of the environment 
• The activity of the environment 
• The role of the teacher 
• The assessment of learning in the environment 
First there is the content of the environment. As with any classroom situation, one must 
first decide what is to be learned from that situation. Collins et al. identified two types of content. 
There is the domain specific knowledge, the facts, concepts, and procedures concerning the subject 
matter, and there is general strategic skills that can be applied across subjects. Second there is the 
activity of the environment, the activities that students will be engaged in while in the learning 
environment. While any learning environment involves activity of some sort, the activity of a 
situated learning environment is especially important. The activity of the environment must 
provide opportunity for students to apply the content in a realistic situation. The same content may 
need to be applied in multiple situations to break through the situated nature of knowledge. The 
sequence of tlie activity and what is required of the students in each situation is important also. It 
may be necessary to begin with less realistic, complex situations or require students to only carry out 
small parts of a task until they are comfortable operating in the environment. It must also be 
decided how competitive or cooperative the activity will be. The third component of the learning 
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environment is the role of the teacher and what teaching methods will be used. While the teacher 
may still be a lecturer, dispensing facts and concepts, in a situated learning environment this role is 
diminished. Quite often the role of the teacher will be as a model for the students illustrating how 
different skills can be used in the environment, or as a coach or mentor assisting students as they 
work on their own in the environment. The final component of the environment is assessment. Two 
different types of assessment are needed. First, some method for tracking student progress through 
the learning environment is needed. Mechanisms are needed to determine if students are lost or off 
track, and if they are, what intervention is needed to get the student back on track. Then, a final 
assessment is needed to determine how well the students acquired the desired skills and concepts. 
Traditionally, this has been some sort of paper and pencil test, but other methods of assessment 
may be more useful here and should be given consideration. For both of these forms of assessment, 
the assessment needs to be seen as a natural part of the environment, not isolated from the work 
that is done in the environment. Table 1 outlines these four components of a situated learning 
environment, and the different aspects involved in each component. 
In any framework for designing situated learning environments, a key component is the 
selection and design of the activities of the environment. The tasks that students take on in the 
learning environment must be authentic tasks that illustrate how the concepts and ideas being 
studied are tools for solving everyday problems (Brown et al., 1989). 
Technology and authentic activity. Technology, especially computing technology, can be a 
useful part of the authentic activity of a mathematics classroom. One example of the work being 
done investigating different methods for providing authentic activity in the classroom is the work 
being done by the Cognition and Technology group at Vanderbilt University. They have worked 
extensively using videodisk technology to provide macrocontexts as the basis for the activity of a 
situated learning environment (CTGV, 1990). A macrocontext is a realistic environment which 
provides an anchor for a sustained exploration of a variety of problems and issues from several 
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different perspectives. Teclmology is used to provide many macrocontexts in the classroom that 
would not be possible otherwise. For example, one videodisk places the student on a river and 
presents the student with several different problems and decisions tliat require the use of 
mathematics as they travel down the river. 
Table 1. Framework for designing situated learning environments 
COMPONENT ASPECTS 
Content What domain specific Icnowledge is involved? 
What general strategic Icnowledge is involved? 
Activity Realistic activity is needed. 
Activity must address the desired content. 
Multiple situations may be necessary. 
Activity must be sequenced appropriately. 
Activity could be set in a competitive or cooperative 
environment. 
Teachers Role What role does the teacher play in the environment? 
What instructional methods will the teacher employ? 
Assessment Student progress in the environment should be assessed. 
A final assessment of student learning is needed. 
Are the students able to transfer the knowledge to other 
domains? 
Assessment should be a natural part of the environment. 
This is just one way that technology can be used as part of authentic activity in the 
mathematics classroom. In this example, technology is used to bring a learning environment to the 
student that could not be provided otherwise. Technology, however, is not necessarily a part of 
that environment, i.e. technology is used to present the situation to the student, but students do not 
necessarily use technology as they deal with the problems and issues that are a part of that 
situation. This is an effective use of the computer and technology, but it does not illustrate the 
power of the computer as a mathematical problem solving tool. The computer has become a natural 
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tool for mathematical investigation that can be used in many different situations ranging from a 
scientist modeling some natural phenomenon, to the business person determining the amount of 
inventory to be kept in the storeroom, to the husband and wife calculating their monthly budget. 
Situated mathematical learning environments need to reflect this use of the computer as an 
investigative tool. The computer should be embedded in the learning environment as a natural tool 
that is picked up and used in the investigation of many different problems. 
The computer in the mathematics classroom 
There are several promising ways that the computer can be used as a tool in a 
mathematical investigation including computer simulation, programming, spreadsheet and 
graphing software, and computer networks. In this section, research on each of these computer-
based mathematical tools will be presented and related to the NCTM standards and the theory of 
situated cognition. In addition, the role of high performance computing, a new tool incorporating 
all of the previous tools will be examined. The research on computer simulation will be examined 
first. 
Computer simulation 
The NCTM standards (1989) call for mathematics instruction that makes connections 
between mathematics and the world, that has students using mathematical concepts to solve real 
problems. Situated cognition theory calls for involving students in authentic activity. Having 
students work in environments that make connections between mathematics and the real world and 
provide an opportunity for students to use mathematics in an authentic way, however, is not always 
practical or feasible. Computer simulations are a possible tool to be used to bring these 
environments to the student. There are several different ways in which computer simulations could 
be categorized for the purposes of a review of research. Because an important use of simulations 
suggested by the NCTM standards and situated cognition theory is as a tool for bringing an 
16 
environment to the classroom which would not be possible otherwise, the researcher categorized 
the research on computer simulations according to the type of environment that the simulation 
brought to the classroom. Existing research on computer simulations in mathematics has 
investigated simulations which have created a variety of different environments for exploration. 
Tliree types of environments created by simulations emerged in this review: 
• Imaginary world 
• Real processes 
• Real world 
The results of the research studies incorporating each of these simulated environments and die 
potential effectiveness of these environments in a situated mathematical learning environment 
will be examined next. 
Imagimnj world simulalions. Many simulations simulate a real event or situation. 
Imaginary world simulations, however, create an environment that could not exist in the real 
world, or at least some part of the simulated world could not exist. The characters in the 
simulation or the setting of the simulation are make believe. For example, the simulation Wumpus, 
used in a study by Mandinach (1987), included an imaginary creature that would not exist in any 
real situation. In this simulation students became hunters whose task was to search through a 
series of caves and find and kill a mythical creature called Wumpus. The study compared two 
instructional approaches which used the Wumpus simulation. She found that students in both 
instructional groups improved their performance on the Wumpus simulation from the beginning to 
the end of the study. One group received "activating" instruction, a discovery learning type of 
instruction that required students to assume responsibility for the cognitive skills required in the 
simulation. The other group received modeling instruction, instruction which was designed to 
model cognitive skills required in the simulation, and to gradually assist the learner in taking over 
those skills. On tasks of transfer, students receiving the activating instruction scored higher than 
those receiving the modeling instruction. 
A second example of a simulation simulating an imaginary world is the simulation used by 
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Arenz (1991). In this study, middle school students were observed, and their interactions 
documented, as they worked through a simulation which created an imaginary world in which 
students solved a mystery as they moved through a building or some other geographic area. As 
they worked through the simulation students were asked to solve several mathematical word 
problems. He found that students modified their interaction with each other in ways that 
appeared to lead to a successful solution to the mystery as they worked through the simulation. 
Interactions between students changed in ways that reflected growth of understanding as they 
worked through the simulation. 
Both of these studies had positive results, but they can hardly be considered conclusive 
evidence concerning the use of imaginary world simulations. Much work needs to be done to define 
the role that simulations of this type can play in a mathematics classroom, especially in light of 
situated cognition theory which places an emphasis on the ability to use skills and apply concepts 
in real world situations. With situated cognition theory in mind, it would seem possible that the 
skills and concepts learned and practiced in an imaginary world simulation could very possibly be 
tied to the imaginary world of the simulation unless some connection is made to tlie real world 
where tlie skills and knowledge will be used. One way that this coruiection might be made is in the 
setting and tasks of the simulation itself. For example, consider the Wumpus simulation used by 
Mandinach (1987) again. The creature in this simulation is imaginary. The setting, a series of 
caves, and the task, hunting through those caves, however, could be a real and authentic situation 
and task. Or consider the task for students in the simulation used by Arenz (1991). This simulation 
required students to solve word problems as they solved a mystery. If the word problems were 
embedded in the simulation as natural problems that were an essential part of solving the mystery 
then these might be real and authentic tasks for the student to undertake. If, however, the word 
problems were simply barriers that popped up for students to hurdle along the way (i.e. solve this 
problem and the door will open) then the tasks of the simulation would not be authentic tasks. 
Students need to see that what they do in the simulation is somehow related to what they do in the 
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classroom and in their life outside the classroom. Otherwise, any skill or knowledge that they 
develop will likely be tied to the environment of the simulation. 
A second way of connecting the simulation to a real context is through the instruction 
surrounding the simulation. The simulation is just one part of tlie overall learning environment. 
Tlie activities and instructional approaches used in conjunction with the simulation are an 
important part of making connections between the imaginary environment of the simulation and the 
real environment where the skills and concepts will be used. For example, Mandinach (1987) 
compared the effectiveness of two different instructional approaches surrounding the use of the 
simulation Wumpus. Recall that she found that the group receiving "activating" instruction scored 
higher on tasks transferring skills from Wumpus to other situations than students receiving 
"modeling" instruction. More investigations of this type are needed. Research is needed 
investigating the effectiveness of different instructional approaches surrounding the use of an 
imaginary world simulation in assisting students make a connection between the world of the 
simulation and the world where the skills and concepts will be used. 
Real process simulations. Another type of simulation where making connections to the real 
world is important is real process simulations. Real process simulations simulate a real principle or 
concept abstracted out of the context in which it occurs in everyday life. Simulations of this type 
would commonly simulate such things as laws of physics or principles of probability. Stockburger 
(1982), for example, studied the use of three simulations in an introductory statistics class. These 
simulations would generate some data, ask the student to estimate statistics about the data such as 
the mean or correlation, and then provided feedback to the student concerning the correctness of 
their estimate. The context in which the data were collected or the purpose for estimating the 
statistics, however, were not a part of the simulation. Following the use of the simulation, students 
were tested on their ability to estimate various statistics about a set of data. Stockburger found 
that students who used the simulations attempted and correctly answered more problems than a 
group of students who did not use the simulations. 
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Reed (1985) used simulations to represent principles commonly found in Algebra word 
problems. Three simulations were developed which simulated points moving at different speeds, 
tanks filling at different rates, and mixtures of different concentrations. Once again, the context in 
which diese events would occur was abstracted out of the simulation. The simulations did not show 
what objects were moving at different speeds or why they were moviiig at all. They did not 
indicate what the tanks were being filled with or why they were being filled. Each of these 
simulations was also non-interactive. The students simply viewed the results of the simulation on 
the screen, and did not interact with the simulation. For each simulation. Reed conducted four 
experiments. In the first three experiments, students were tested before and after using the 
simulation to see if they were able to improve their estimates of answers to similar algebraic word 
problems. The results of each of these experiments were used to modify the simulation and the 
procedure for the next experiment. In the fourth experiment, two of the versions of the simulation 
used in the previous three experiments were compared to each other. One group of students worked 
with one version of the simulation while another group worked with a different version of the 
simulation, and the two groups were compared to each other. Reed concluded that the type of 
feedback given in these non-interactive simulations was an important factor in determining the 
effectiveness of the simulation. Direct, verbal feedback appeared to be more effective then 
graphical feedback only in improving students' estimates to answers of algebraic word problems. 
This is Ukely because the effectiveness of the graphical feedback was, in part, determined by 
students ability to perceive and interpret the relevant information given in the graphical 
feedback. 
Developers of this type of simulation are reducing the complexity of the real world, and 
presenting a concept out of context. Computers are useful in creating this type of simulation because 
they make it easy to eliminate or control variables, and to reduce the complexity of the simulated 
environment. The situated perspective on learning, however, would suggest that practice with the 
concept in a complex environment is precisely what students need. Because of the situated nature of 
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knowledge, understanding a concept in the simple, isolated environment of a real process simulation 
does not guarantee the ability to use and apply that concept in a real situation (Brown, Collins & 
Duguid, 1989). Therefore, it is very important that, if these types of simulations are used, the 
environment of the simulation is cormected to the real contexts in which the concepts and knowledge 
will be applied. Tlie simulations used by Sterling and Gray (1991) as an example, provided 
opportunities to study and manipulate small data sets out of context and then asked the students to 
apply those statistical concepts in familiar, real situations. The use of these simulations in an 
introductory statistics course was studied, and the results showed that students using the 
simulations scored better on post tests than those who did not use the simulations. 
Once again, as with imaginary world simulations, making a connection between the real 
situations in which the skills and concepts will be used and applied, and the simulation where 
they are practiced and studied is a critical factor in determining the effectiveness of the simulation 
in a situated learning environment. More investigation into how these coruiections can be made is 
needed. In both imaginary world simulations and real process simulations, the connection to the 
real world is often not apart of the simulation itself, but part of tlie instruction surrounding the use 
of the simulation. Considered next are simulations in which the coruiection to the real world is an 
explicit part of the simulation. 
Real luorld simulations. Real world simulations can be a useful tool for bringing a real 
environment to the classroom and providing an opportunity for students to participate in the type of 
authentic activity that will illustrate the connections between mathematics and the real world. 
The research on real world simulations has produced mixed results, however. At least two studies 
have not resulted in a significant difference in the understanding of the mathematical concepts 
being studied between students who used a real world simulation and those that did not (Langholz 
& Smaldino, 1989; Okey & Oliver, 1987). In both of these studies, the treatment group worked with 
a real world simulation once a week for six to eight weeks. Neither study indicated that the 
treatment consisted of anything other than working witli the simulation. These results emphasize 
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the point that simply providing students with opportunities to work in real environments is not 
enough. It is likely that no connection was made for the students between the environment of the 
simulation and the environment in which students were expected to apply the skills learned in the 
simulation. Because of tlie situated nature of knowledge, without this connection it should not be 
expected that a transfer of skills to another situation would occur. A simulation, even a real world 
simulation, needs to be incorporated within instructional approaches that work toward making 
tliis connection between the environment of the simulation and the environment in which the skills 
are expected to be applied. 
The work of the Cognition and Technology Group at Vanderbilt University in Anchored 
Instruction is one example that incorporates simulations into a broader instructional environment 
that acknowledges the situated nature of knowledge (CTGV, 1993 & 1990). Their work with 
Anchored Instruction involves the use of videodisk based simulations which provide an anchor for 
extensive exploration and instruction. Although not computer-based, these simulations could easily 
be delivered via computer controlled video, and work is being done to do this (CTGV, 1993). Their 
work goes beyond creating a set of isolated real world situations. Their simulations are meant as 
anchors for extended exploration from multiple perspectives. Their expectation is that students 
will work with the simulation many times with different purposes. Rather than a single 
simulation, they envision an environment which incorporates a series of related simulations. This 
will provide the opportimity for working with mathematical concepts and ideas in a variety of 
situations, which may facilitate the transfer of these concepts and ideas to other situations. They 
also believe that their simulations can be used effectively with other activities to provide more 
effective learning opportunities (CTGV, 1993 & 1990). 
Work thus far evaluating the anchored curricula of the Cognition and Technology Group at 
Vanderbilt has yielded positive results. A main emphasis of their assessment has been the degree 
to which students are able to transfer the skills and concepts they leam and use in the anchored 
instruction to other situations. They have investigated different types of transfer in their studies. 
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While investigating whether students can make the transfer to analogous problems, they have 
found that students working in their anchored curricula show significant improvement in their 
ability to solve problems that are directly analogous and partially analogous to the problems found 
in the anchored curricula (Van Haneghan, Baron, Young, Williams, Vye, & Bransford, 1992; 
Goldman, Vye, Williams, Rewey, & Pelligrino, 1991). They have also investigated students 
ability to make the transfer to "what if" alterations of the original situation in the simulation. 
This type of question asks students to detemiine how changes to one specific part of the original 
problem might change the solution to the problem. Their initial results in this area have not been 
as positive as their research on the transfer to analogous and partially analogous problems 
(Williams, Bransford, Vye, Goldman & Carlson, 1992). They concluded that instructional 
approaches that focus on this type of "what if" thinking need to be developed. Finally, they have 
begun to assess the degree to which students spontaneously make connections between the 
simulation in the anchored instruction and other situations. Much of the evidence here is anecdotal 
(Bransford, Hasselbring, Barron, Kulewicz, Littlefield, & Goin, 1988), however they have begun to 
take a more systematic approach to assessing the degree to which this type of transfer is occurring 
(CTGV, 1993). 
Throughout this discussion on the use of computer simulations in the mathematics 
classroom, a recurring theme has been the importance of making a connection between the 
environment of the simulation and the real environment in which the skills and knowledge will be 
used. Simulations can be an effective method of bringing environments to the classroom that would 
be impractical or impossible otherwise, and making the types of connection called for in tlie NCTM 
standards (NCTM, 1989). Simulations by themselves, however, will not and cannot lead students to 
making these connections. The use of simulations need to be surrounded by instructional approaches 
tliat lead students to making the connections. An important area of research now is not only the 
development of effective simulations, but also in the development of instructional approaches that 
lead students toward transferring the knowledge and skills used and learned in the world of the 
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simulation to otlier situations. 
Programming 
Since the microcomputer has been introduced In schools, many educators have advocated 
teaching programming to students. In mathematics, prograniming is often seen as a vehicle for 
teaching general problem solving skills because the steps taken in writing a computer program are 
similar to the steps taken when solving many mathematical problems (McCoy, 1990). There has 
been an extensive body of research exploring the connections between teaching programming and the 
development of problem solving skills. A second line of research on programming in mathematics 
has investigated the use of programming in developing skills related to Algebra, especially the use 
and understanding of variables. 
Programming and problem solving. Problem solving is a central part of the NCTM 
curriculum and evaluation standards (1989). One of the goals for students in the standards is that 
they become mathematical problem solvers. An aspect of the standards for every grade level is 
that students "use problem solving approaches to investigate and understand mathematical 
content" (NCTM, 1989, p. 23, 75 & 137). Although many believe that there is some connection 
between programming and problem solving, the research in this area has been mixed. Some studies 
have found that students improve in their problem solving skills after a programming experience 
(McCoy & Orey, 1988; Reed & Palumbo, 1988; Reed, Palumbo & Stolar, 1988), while other studies 
have found that the programming experience had no effect on students' problem solving abilities 
(Jansson, Williams & CoUens, 1987; Kurland, Pea, Clement & Mawby, 1986). 
For example, McCoy and Orey (1988) studied students in a semester long BASIC 
programming class. Subjects were given a pre and post test measuring their general problem solving 
ability. Tlie results showed a significant improvement in the subjects after completing the course. 
Kurland et al. (1986), however, did not find significant results when investigating the effect of 
programming on problem solving skills. Subjects for their study were students in a second year 
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programming class. Tliese students were given several tests measuring different problem solving 
skills after completing the course. When comparing the results with a group of students with little 
or no programming experience, they found no significant difference between the groups. Two other 
studies found significant improvement in the problem solving skills of college students after eight 
weeks of progranuning instruction (Reed & Palumbo, 1988; Reed et al., 1988). Jansson, et al. (1987), 
however, did not find that junior high and college age programmers scored significantly higher on a 
test of conditional reasoning when compared to control groups which did not receive any 
programming instruction. And so it goes, for every study that shows problem solving ability is 
positively affected by a programming experience, there seems to be another study which indicates 
that the programming experience had no effect on problem solving ability. 
One explanation for the mixed results in the research is that programming is a cognitively 
demanding task, and it is, therefore, difficult to leam how to program competently. It takes time to 
become a proficient programmer, and it should not be expected that students would be able to 
transfer a skill to a new domain when they are still uncomfortable with tlie task of programming. 
Kurland et al. (1986) believe that this was at least part of the reason for the lack of significant 
results in their study. Besides their investigation into the development of problem solving and 
mathematical skills, they also measured students programming ability after two years of 
programming instruction. They found that even after two years of instruction students only had 
acquired a basic knowledge of how to program. They concluded that students were still struggling 
with the task of learning to program and were not yet at a point where those skills could transfer to 
a new domain. 
Another explanation for the mixed results in the research is that many of the studies 
expected the transfer of problem solving skills from the programming environment to occur 
automatically. It may be, however, that a more directed, mindful approach is needed to foster the 
transfer of problem solving skills (Solomon & Perkins, 1987). Students need to be shown the 
connection between what tliey do in writing a program and the process of solving a problem. Tliis 
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explanation is supported by the results of a study by Dalton and Goodrum (1991). In their study 
students given only programming instruction were compared to students who had programming 
instruction combined with problem solving instruction. While programming alone was not effective 
in improving the students problem solving skills, when combined witln problem solving instruction 
students showed significant gains in the problem solving skills being measured. Swan and Black 
(1990) also found that programming instruction combined with explicit instruction on problem 
solving was an effective means of developing problem solving skills. 
A third explanation for the mixed results comes from the situated perspective on learning. 
Much of tlie research that has been done seems to make the assumption that any exposure to 
programming is going to help and that the type of exposure does not matter. The descriptions of the 
programming instruction in most of the studies simply reported the language that was studied and 
the length of time spent on instruction. There was little to no description of the situation in which 
the instruction took place, or what types of programs the students wrote as they learned tlie 
programming language. Proponents of situated cognition theory would suggest that the types of 
problems that students work on as they learn to program are extremely important to the instruction. 
If the problems were set up simply as programming problems for programming class, tlien any 
insight on the problem solving process that the students gain from working on the problem is likely 
to be tied to the programming environment. If, on the other hand, the problems that students 
worked on were set up as real problems for which programming was an effective vehicle for solving 
or studying the problem, then a connection has been made from the programming knowledge to 
another problem, and a transfer of knowledge is more likely. To put it another way, if the purpose 
of the instruction is simply to learn programming, then the context in which the programming 
problem is set is not important, but the knowledge that students will gain is programming 
knowledge that is ftmdamentally tied to the activity of programming. If the purpose of the 
instruction is to teach students problem solving skills that they can apply in other situations, then 
situated cognition theory would suggest that the programming problems and the instruction 
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surrounding the programming work needs to be related to the situations in which the problem 
solving skills are expected to applied (Brown, Collins & Duguid, 1989). 
From the descriptions of the programming instruction in the studies reviewed for this 
paper, it was often impossible to determine what types of problems the students worked on as they 
learned to program, and so it is impossible to tell at this point if this is a cause of the mixed results 
of the research concerning programming and problem solving. Research is needed investigating the 
effect of different types of programming problems and the effect of different instructional 
approaches in the teaching of programming on students' problem solving ability. 
Programming and algebraic skills. A second area of research concerning programming in 
mathematics relates the use of programming to improve students' algebraic knowledge, especially 
their ability to understand and use variables, The connection between programming and 
understanding variables is illustrated in a study by McCoy (1988). In this study she found that the 
level of a students' programming experience was significantly correlated with their general skill 
with variables. Further, this significant relationship was stronger than the relationship between 
a students' mathematical experience and their skill with variables. 
Several studies have shown that programming can be used to improve students' ability to 
work with and understand variables, Oprea (1988) found that sixth grade students receiving six 
weeks of programming instruction in BASIC scored higher on a test measuring their understanding of 
variables than students who did not receive the programming instruction. Mayer, Dyck and Vilberg 
(1986) studied college students enrolled in a beginning programming course. They found that 
students taking this course gained significantly in word problem translation and word problem 
solution over a control group of students not enrolled in the course. McCoy and Burton (1988) also 
found that a period of programming instruction improved students abilities to use algebraic 
variables. 
Not all the studies in this area have had positive results, however. One such study 
compared high school students who had completed two years of programming instruction with 
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students who had little or no programming experience (Kurland et al., 1986). Among the skills that 
they studied was the students' ability to use variables. They found no significant difference 
between students who had the extensive programming experience and those who did not on their 
ability to use variables. Blume and Shoen (1988) also found no difference between junior high 
school programmers and non-programmers on their ability to work witli variables and algebraic 
expressions. 
So while there is some evidence that programming experience can positively effect a 
person's algebraic skills, it is not conclusive evidence. Writing computer programs and 
manipulating algebraic expressions use variables in a similar way, so it is plausible to expect a 
programming experience to effect a students ability to use variables algebraically. It remains to be 
explained why did this not occur is some studies. One possible explanation, from situated cognition 
theory, is that the students knowledge of variables was situated within the programming 
experience and that no connection was made to the mathematical use of variables. The activities 
that the students worked on during their programming experience did not lead them to connect 
variables in programming and variables in algebra and so their knowledge of variables remained 
situated within their programming experience. 
As evidence that this might be the case, consider the following studies. Adner (1990) 
studied students ability to solve word problems algebraically and through prograrrmiing. He 
studied a large (n = 305) group of college students who had a wide range of programming and 
mathematical experience. Students were given a word problem and were asked to solve it either 
algebraically or through a computer program. He found that students answering the programming 
version of the questions scored higher than those working the problem algebraically. A study 
similar to this one yielded the same results (Soloway, Lochhead & Clement, 1982). In this study a 
class of college freshman and sophomores in a computer science course were given similar problems. 
Half the class worked a problem asking for an algebraic expression and the other half worked a 
problem asking for a computer program. Significantly more students correctly answered the problem 
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asking for a computer program than correctly answered the problem asking for an algebraic 
expression. Soloway et al. (1982) continued with another experiment asking students to read and 
interpret algebraic expressions and computer programs. In this study a group of college freshman 
engineering students were each given 2 problems. One problem asked students to interpret a short 
computer program while the otlier question asked students to interpret an algebraic expression. The 
group that answered the computer problem correctly and missed the algebraic problem was three 
times larger than the group that answered the algebraic problem correctly and missed the computer 
problem. McCoy (1989) studied high school students who had completed both an Algebra class and 
a computer literacy course. Her results indicated that students who had both algebra and 
programming could work with variables better in a computer context than an algebraic context. 
While the results of these studies suggest that students understand variables better in a 
programming context than an algebraic context, they also illustrate the situated nature of 
knowledge about variables. The same concept is better understood in one context than in another. 
Therefore, if the goal is to use programming to have students understand variables better in an 
algebraic context, then the activity of the instruction must connect the programming context to an 
algebraic context. Once again, as with programming and problem solving, the types of programs 
that students work on, and the instruction surrounding the programming is important. It cannot be 
assumed that just any programming experience will lead to a better understanding of variables in an 
algebraic context, and it is time to begin looking at what different instructional approaches and 
what different types of programming problems are more effective in making a connection between 
variables in programming and variables in Algebra. 
The results of research on the use of programming to improve both problem solving skill and 
skill with variables has been mixed in both areas. Some studies have found that a programming 
experience positively affected those abilities, while other studies found that the programming 
experience had no affect. These mixed results indicate that not just any programming experience 
will improve problem solving ability or skill with variables, and so it is time to begin refining how 
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programming is taught to make it more effective. It is time to begin investigating what types of 
instructional approaches are effective in helping students make a connection between the 
programming situation and the situations where they will use the problem solving skills and 
knowledge of variables 
Just as programming has opened the doors to different approaches to teaching problem 
solving and variables, spreadsheets and graphing tools have opened the door to new approaches to 
the treatment of functions in mathematics. This computer-based tool will be considered next. 
Spreadsheets and graphing tools 
The concept of function is a central idea in mathematics. The NCTM standards propose 
significant changes in the treatment of functions, and how functions are manipulated in a 
mathematics classroom (NCTM, 1989). Spreadsheets and graphing tools have the potential to be 
very useful in this new treatment of functions because they allow graphs of functions to be quickly 
and easily created and manipulated. In fact, creating, manipulating and interpreting the 
graphical representation of a function in the ways called for in the NCTM standards would not be 
possible without the development of such tools. 
Traditionally functions have been represented and manipulated in their 
symbolic/algebraic form. Graphs of a function were also used, but only minimally because they 
were cumbersome to create and manipulate (Romberg, Carpenter, & Fennema, 1993). Graphical 
representations of functions, however, are extremely important in approaching the teaching of 
functions in the changes proposed by NCTM and others. These proposed changes place an emphasis 
on working with and interpreting functions in different representations, including algebraic, tabular 
and graphical representations among others, and making cormections across these different 
representations. A second emphasis in this new approach is on collecting real data and modeling 
real world phenomena. Students need to work with functions in authentic ways, and make 
connections between their study of functions and the use of functional concepts in understanding the 
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world around them (Moschkovich, Schoenfeld, Arcavi, 1993; NCTM, 1989). 
Netu approaches to functions. The work that has been done investigating the integration of 
graphing tools into a new treatment of functions has been positive thus far. Dugdale (1990) 
compared two approaches to the teaching of trigonometric identities. One approach supplemented 
a traditional treatment of trigonometric identities with some graphing activities. This approach 
was compared to a graphical approach developed around specific themes that were not a part of 
the traditional instruction. Included in these themes were an emphasis on integrating a problem 
within a larger meaningful context, approaching a problem from multiple perspectives, learning 
investigative techniques, and applying previous knowledge and skills to a new problem. Students 
being taught in this way scored significantly higher on a post test measuring their ability to relate 
trigonometric functions to their graphical representation than the group that was taught in a more 
traditional manner and only used graphing tools for supplemental activities. 
Schwarz, Dreyfus and Bruckheimer (1990) developed a computer based microworld called 
TRM (triple representation model) to serve as the basis for an entire function curriculum. This 
microworld provided opportunities for students to work with and study functions in three different 
representations: algebraic, graphic and tabular. The curriculum they designed to go with the 
microworld integrated open ended problems which encouraged the transfer of information between 
algebraic, tabular, and graphical representations of functions. They found that students in an 
experimental class taught with the TRM model reached a high level of understanding of functions 
and that the curriculum was successful in developing functional reasoning skills in students. 
Another project involved the development of a technology-intensive curriculum for the 
teaching of functions and graphs (Magidson, 1992). This project incorporated graphing technology 
into a curriculum that was based on the goals of the NCTM standards (1989). The role of technology 
was to help students make connections between the algebraic and graphical representation of a 
function. This curriculum was used in an experimental Algebra course for high school students. 
Although no strict statistical comparison was made, Magidson believed that students in this course 
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achieved a higher understanding of functions than students she has previously taught using a more 
traditional curriculum. 
In each of these studies, it is important to note that the use of spreadsheet and graphing 
tools was incorporated into an overall curriculum. Spreadsheet and graphing tools were not studied 
in isolation. Just as programming alone will not likely improve students understanding of variables, 
just giving students spreadsheet and graphing tools will not improve their understanding of 
functions. The tool needs to be surrounded by a sound instructional approach that leads students 
toward the desired goals. The researchers in these projects recognized this and worked toward 
developing an effective curriculum which incorporated spreadsheet and graphing tools. 
Loss of algorithmic skills? A common theme in each of these instructional approaches is 
more time spent on investigation and interpretation and less time learning to perform calculations 
and to follow algorithms for manipulating algebraic representations of functions. A concern, then, is 
that because of this reduced treatment, algorithmic skills will not be developed to the extent that 
they are needed in understanding concepts related to functions. The results of two studies, however, 
alleviate these fears somewhat. Dugdale (1990), in her study comparing students learning 
trigonometric identities from two different approaches, found that students being taught in an 
experimental approach which emphasized more investigative and interpretive skills did not 
differ significantly from students being taught in a more traditional manner on a post test measuring 
a traditional algorithmic skill of proving trigonometric identities. Heid (1988) compared two 
groups of students taking a fifteen week applied calculus course. One group spent the first twelve 
weeks studying calculus concepts using graphical and symbol manipulation software to perform the 
time-consuming routine manipulations. Only the last three weeks of class were spent learning these 
routine manipulative skills. This group was compared with a group that spent the entire 15 weeks 
learning and using these skills. She found no significant difference between the two groups on a 
final exam measuring these routine skills. 
Tlie results of these two studies indicate that an instructional approach to functions in 
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which students spend more time studying and investigating functions in different representations 
and less time learning routine algorithmic sidlls does not necessarily sacrifice the students' 
algorithmic skills. However, another issue that arises because of these approaches' emphasis on 
graphical representations of functions is students' ability to interpret graphical information. 
Student misconceptions. Some research has revealed that students have difficulties 
interpreting and understanding graphical information. Yerushalmy (1991) compared graphical 
feedback to other forms of feedback as students transformed an algebraic expression. After each 
transformation of the expression, students were given feedback indicating whether or not their 
transformation was correct. He found that the use of graphical feedback did not significantly 
reduce the number of uncorrected errors or improve students proficiency as they transformed the 
algebraic expression. Ruthven (1990) found that students who had extended access to a graphic 
calculator were not able to better interpret and extract information from a graph than students who 
did not have regular access to a graphic calculator. Other studies have shown that students can 
develop many misconceptions as they work with functions in a graphical representation 
(Schoenfeld, Smith & Arcavi, 1993; Dugdale, Wagner & Kibbey, 1992). Spreadsheets and 
graphing tools have opened the door to a new approach to functions. With these tools graphs can 
be quickly and easily created and manipulated. They make it possible to collect real data and 
model real phenomena in the classroom and illustrate how the concept of function is a powerful 
mathematical tool to be used in exploring the world. It is important, however, to be aware of 
problems and issues, such as students understanding of graphical information, that arise from tliis 
different treatment of functions. 
Rather than investigating the use of spreadsheet and graphing tools in isolation, the focus 
of the research on the use of spreadsheets and graphing tools in mathematics has been on 
instructional approaches that incorporate spreadsheet and graphing tools and how these tools can 
be used within the instructional environment. This has led to research projects investigating 
different approaches to teaching functions which incorporate spreadsheet and graphing tools, and 
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to research investigating different issues that result from these new approaches such as students' 
ability to understand and interpret graphical information. One issue that has not been addressed 
up to this point, however, has been students ability to use and apply functional concepts outside the 
classroom. The results of the tliree research projects discussed earlier (Magidson, 1992; Dugdale, 
1990; Schwarz et al., 1990) indicated that students studying functions from their approach 
understood functions better than students studying functions in a more traditional manner. The 
dependent measure in each of these studies, however, appeared to be a traditional "school-like" 
measure. So students involved in these different approaches understood functions better in the 
classroom, which is good, but the question still remains as to whether they can use and apply 
functional concepts in their everyday lives. Situated cognition theory would suggest that this is not 
necessarily so. It might be that their better understanding of functions is situated within the 
classroom environment. A next step in the research should be studies investigating whether or not 
students involved in these new approaches are making connections to their everyday lives, and if 
not, then research is needed to determine how these new approaches can be augmented so that 
students do make these connections. 
Just as spreadsheet and graphing tools have opened the door to new approaches to the 
teaching of functions, computer networks and telecommunications have opened other doors to the 
mathematics classroom. This computer-based tool will be examined next. 
Networks and telecommunications 
The traditional classroom environment does not offer sufficient opportunity for the type of 
authentic activity called for by the proponents of situated cognition theory, and so an important 
task in designing situated learning envirorunents is altering that traditional environment in ways 
that allow for more authentic activity (Brown, Collins & Duguid, 1989). Computer simulations, for 
example, were suggested as one method for changing the classroom environment, and bringing 
authentic situations into the classroom. Computer networks and telecommunications are another, 
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potentially very powerful, method for altering the learning environment and providing 
opportunities for authentic activity. Computer networks allow the boundaries of the classroom to 
be extended beyond the classroom walls, and provide opportunities in the classroom that were not 
possible before (Lehman, Campbell, Halla & Lehman, 1992). At this point, there has been little 
research investigating the use of computer networks in the mathematics classroom. There are, 
however, many projects in the educational community exploring the potential of this powerful 
medium, and as these projects are studied, more will become known about how this tool can 
effectively be put to use in the mathematics classroom. 
In these varied projects, students have used a computer network in two basic ways. They 
have used a computer network as a communication tool to discuss mathematical ideas and concepts 
with other students and experts across the country, and they have used a network as a source of 
information as they investigated different types of mathematical problems. 
Networks for communication. A major goal of the NCTM standards is that students learn 
how to communicate mathematically. The language of mathematics needs to become a natural tool 
for students, and mathematical ideas should be regularly shared and discussed with others 
(NCTM, 1989). Computer networks have been used to provide an opportunity for students to 
communicate with and work with peers outside their classroom, and to ask questions of experts 
other than their teacher as they deal with and solve many mathematically related problems. 
Several projects established a computer network or used an existing network for the purpose 
of allowing communication between teachers, students, university faculty and others (Hunter, 1993; 
Joslin & Gerlovich, 1992; Lehman et al., 1992; Hatfield & Bitter, 1991; Perry, 1984). One of these 
projects, developed by the Technical Education Research Centers (TERC), uses a telecommunication 
network to connect TERC with twelve regional resource centers and classrooms around the country 
(Hatfield & Bitter, 1991). Besides establishing this network and providing opportunities for 
communication, this project also involves the development of curricular units which involve 
students in exchanging data, reporting results, and communicating with other students as they 
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become involved in an open-ended investigation of some problem. Tliis project is notable because of 
the development of these curricular units. These units do not isolate the use of the network from the 
rest of the classroom activity, but embed its use into the overall activity of the classroom. The 
network is simply a tool that is used to provide a larger audience for students to communicate their 
results. In these curricular units students explore mathematical concepts such as geometric and 
algebraic properties. As the students investigate a concept, they collect and organize data which 
they use to make conclusions and generalizations. When confident with their results, students 
communicate their findings to students at other schools involved in the TERC project through the 
telecommunications network. These students then test the findings and either support or challenge 
the student. 
The communication that takes place in the TERC project and other projects is mainly in the 
form of electronic mail messages or messages left on an electronic bulletin board, i.e. the 
communication is in a text only format and not "real time". As this type of technology rapidly 
progresses, it is likely that computer networks will also allow the real time transmission of high 
quality audio, video, and graphical information at a reasonable cost. This level of communication 
is already currently available, but either the quality is low or the cost is high at this moment. 
This coming technology will allow a greater variety of types of communication, and it is important 
that the effectiveness of different models of communicating over the network are explored. For 
example, an important teaching method for use in a situated learning environment is modeling the 
mental processes that are required to complete a task. A student observes and questions the path of 
an expert as the expert studies and solves a problem, before the student works on a similar problem 
himself/herself. Because many of these processes are often performed internally, the expert must 
often verbalize what he/she is tliinking (Young, 1993; Collins et al., 1989). In the future it will 
likely be possible for a student to observe and question a mathematician or scientist over a network 
as they deal with a problem on the job, but it remains to be seen if this can be done effectively. 
One existing project which is exploring the uses of the most advanced networking 
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technologies is the Learning through Collaborative Visualization project (Hunter, 1993). The 
network for this project extends the collaborative media beyond text only messages, and allows 
real-time audio and video connections. Iii this project, students and teachers collaborate directly 
with scientists and other experts. Together they collect data and study graphs and visualizations 
which they can view at the same time despite being miles apart. The intention of the project is to 
develop and study highly interactive communications tools that can be used by students, teachers, 
and scientists as they collaborate over a common problem. The hope is that these tools can assist in 
providing an authentic science learning experience for students in the classroom. This project is one 
of four projects being sponsored by the National Science Foundation's testbed for the development 
and testing of computer and communications networks that support science and math education 
(Hunter, 1993). The results of these projects, the TERC project, and other similar projects will 
provide a basis for further Investigation as the potential of computer networks to provide 
opportunities for students to communicate about mathematics and to make connections between 
mathematics and the real world is explored. 
Netiuorks for resources. Besides allowing an expanded base of people with whom to 
communicate, computer networks also make a wealth of information and computing resources 
available for use that would not be possible otherwise. One project used a telecommunications 
network to make available a series of educational games and software to a group of low-income, 
inner city fourth graders (AUen & Mountain, 1992). The students in this group were given a 
computer to use at home and connect to the network and work witli the software outside of school. 
Among the software available to be used were mathematical problem solving games and programs. 
The researchers found that the percentage of students passing a standardized mathematics test was 
much higher for students who had access to the network than for those who did not. 
Another project provides students with access to some of the most powerful computers in the 
world as well as the vast amounts of information available on the Internet. The Adventures in 
Supercomputing program provides students and teachers access to the latest in computing 
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technology for students and teachers to use as they work on scientific and mathematical problems, 
often with the aid of mentor scientist. One aspect of the assessment of this program is an 
investigation of how well students understand tlie problem after completing their project. Initial 
results from the assessment of this program have indicated that a majority of students in the 
program demonstrate a good understanding of the area of inquiry that their project is about (Honey, 
McMillan, Tsikalas & Grimaldi, 1994). Because of the access to the computing power, students are 
able to work on real problems the same way many scientists would attack those problems. They are 
able to see how mathematics is used by today's scientists as they investigate current issues, and 
they are able to investigate similar types of issues themselves. This use of high performance 
computers is discussed in greater detail ne.xt. 
High performance computing; A synthesis of tools 
An initiative of the federal government has been to provide access to state-of-the-art 
computing, software and networking technologies, collectively referred to as High Performance 
Computing and Communication tools, for K-12 education (Gibbons, 1994). This initiative in high 
performance computing and communication gives students the opportunity to program on the fastest 
computers available through a computer network brought into their classroom, access the latest 
information available over this same network, communicate with students, teachers, and scientists 
all over the world, and use sophisticated graphing and data analysis tools to study, data they have 
collected themselves. 
As a result of this initiative and the work of others outside the federal government, several 
programs, such as the Adventures in Supercomputing program discussed earlier, have been 
developed which provide access for elementary and secondary schools to the most powerful 
computers available, and to the vast amounts of information and resources available over the 
Internet. The purpose of these programs is to provide tools that were not previously available to 
students as they v/ork on science and mathematics projects (Berg, 1992). 
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Computational science. The projects that students work on in these programs are 
computational science projects. In these types of projects, mathematical models (an equation or set 
of equations) of some real world phenomena are programmed on a computer and used for 
investigation. The data that is created by running the program is often put into a visualization 
software package which creates a picture or graph of the data. This graph is then studied and 
conclusions are made about the phenomena being studied. Quite often, this leads to changes being 
made to the program, creating more data and more graphs to be analyzed. For example, the shape 
of a car can be modeled with a set of mathematical equations and programmed on a computer. This 
model can be experimented with to determine how the car reacts in a collision. These computer 
based experiments will likely lead to modifications of the original model and more 
experimentation. 
Tlie activities that students are involved in as they complete a computational science 
project are consistent with the types of activities called for in the NCTM standards and in the 
theory of situated cognition. For example, in the standards on problem solving, communication, 
connections. Algebra and functions for grades nine through twelve it is stated that students should: 
• "apply the process of mathematical modeling to real-world problem 
situations" (p.l37) 
• "express mathematical ideas orally and in writing" (p. 140) 
• "use and value the connections between mathematics and other disciplines" 
(p. 146) 
• "appreciate the power of mathematical abstraction and symbolism" (p. 150) 
• "model real-world phenomena with a variety of functions" (p. 154) 
• "analyze the effects of parameter changes on the graphs of functions" (p. 154) 
These are precisely the types of activities that engage students as they develop a mathematical 
model of a scientific phenomena, program it on the computer, and experiment with that program. 
Computational science projects incorporate the computer as a problem solving tool in the 
mathematics and science classroom, and can be another means of making a connection for students 
between mathematics and other disciplines. They may also be useful in illustrating the use of 
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mathematics in investigating a real problem or issue. At this point, however, there has been little 
research investigating the use of computational science projects in mathematics classrooms. The 
work evaluating the programs that are putting high performance computing and communication 
tools in the classroom will provide some information about the effectiveness of these types of 
projects. Additional research is needed to investigate ways in which computational science projects 
can be incorporated into the activity of a mathematics classroom to foster the goals of the NCTM 
standards and to make a connection for students between the mathematics tliey use and learn in the 
classroom and the mathematics that can be used as a tool for investigating many real and everyday 
problems. 
Summary 
Tlie NCTM standards (NCTM, 1989) suggest a significant change in how mathematics is 
taught and learned in the classroom. These standards reduce the emphasis that has traditionally 
been on algorithmic and calculational skills, and instead focus on the use of mathematical concepts 
as tools for investigating and solving all types of problems and issues. The standards outline a 
mathematics curriculum that prepares students to use mathematics appropriately to deal with 
problems and issues outside the classroom. These ideas for mathematics education are consistent 
with the theory of situated cognition. This theory of learning proposes that knowledge is connected 
to the context or siutation in which it was learned. It also proposes that knowledge should be 
viewed as a set of tools to be used in understanding the world, and that the goal of education should 
be developing students' ability to apply these knowledge tools appropriately as they deal with 
the world around them. In order to do this, the context in which the tools are learned needs to be 
related to the context in which they will be used. Tlie learning of these tools cannot be abstracted 
out and taught in isolation from the situations in which they will be used (Brown, Collins, & 
Duguid, 1989). 
It has been suggested in many different places, that the computer can be a powerful tool in a 
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mathematics classroom. According to Papert (1993), The National Council of Teachers of 
Mathematics (1989 & 1985) and Popp (1986), the computer can be a useful tool in several different 
ways for students to use as they investigate mathematical problems and concepts. Research 
investigating the use of different computer-based tools in the mathematics classroom has been 
mixed, however. Some studies have found that the use of the computer was effective in developing 
a students' mathematical skills and understanding of mathematical concepts, while other studies 
found tliat using the computer had no effect. These mixed results should be expected, because the 
computer itself, like any other tool, is neutral. When applied effectively in the classroom, the 
computer can be a useful aid in helping students develop an understanding of tlie mathematical 
concepts being studied. When not used appropriately, however, the computer will not likely assist 
students in developing the desired understanding. 
Tills paper reviewed recent research concerning the use of the computer as a tool to assist in 
a mathematical investigation. Five computer-based tools were reviewed including: computer 
simulations, programming, spreadsheet and graphing tools, computer networks and high 
performance computing environments. This existing research was compared to the NCTM standards 
(NCTM, 1989) and situated cognition theory (Brown et al., 1989) in order to identify important 
characteristics of an effective application of these computer-based tools in a mathematics 
classroom. Two important ideas concerning the application of these computer-based tools in a 
mathematical learning environment emerged from this process. First, the computer should be a 
natural tool that is embedded within the overall activity of the classroom. Programming, by 
itself, will not likely develop students' understanding of variables. Spreadsheets and graphing 
tools, by themselves, will not likely lead students to a better understanding of functions. The use of 
the computer needs to be embedded within an effective instructional approach that leads students 
to an understanding of the mathematical concept being studied. Second, in order to foster 
connections between the knowledge and concepts learned in the classroom environment using the 
computer and life outside the classroom where the knowledge and concepts will be applied, the 
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tasks that students undertake with the computer need to be authentic tasks. They should be tasks 
that illustrate how the mathematical concepts being studied can be used to study and investigate 
real problems and issues that exist outside the classroom. If tliis is not done, then the knowledge 
and skills learned by the students may be situated within the context of the classroom situation. If 
the tasks undertaken in a computer simulation are not related to tasks students may complete 
outside the simulation, then any understanding of mathematical concepts that students learn in the 
simulation may be bound to the world of the simulation and the student may be unable to apply 
those concepts in other situations. The role of the teacher should not be overlooked here. They can 
play an important role in connecting the computer-based activity to the other activity of the 
classroom and to the students life outside the classroom. 
Just as a hammer will not likely drive a nail in straight if not used correctly, the computer 
will not likely help students develop an understanding of the mathematical concepts being studied 
if not used in an appropriate manner. The NCTM standards (NCTM, 1989) and situated cognition 
theory (Brown et al., 1989) can be useful tools in defining appropriate uses of the computer in a 
mathematics classroom. Future research should use both of these ideas as a guide when 
incorporating the computer iiito the classroom and studying that use of the computer. 
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COMPUTATIONAL SCIENCE PROJECTS AS AN ENVIRONMENT FOR 
STUDENT LEARNING ABOUT FUNCTIONS AND VARIABLES: A CASE 
STUDY APPROACH 
A paper to be submitted to the Journal of Research on Computing in Education 
Stephen Fyfe 
Functions are an important building block in mathematics. Examples of functions can be 
found throughout the discipline. Traditionally, mathematics curricula have not covered functions to 
their fullest extent. Typically, functions have been studied in only one or possibly two forms: as 
algebraic equations and as graphs (Romberg, Carpenter, & Fennema, 1993). Mathematics students 
have generally been taught methods for manipulating algebraic equations and methods for 
constructing a graph of a function. There are other possible forms or representations of a function, 
however, including tables, verbal descriptions and algorithmic descriptions (computer programs). It 
has been suggested that a study of functions should include these different representations, and 
should focus on having students make connections and interpretations across these different 
representations (Kieran, 1993; Moschkovich, Schoenfeld & Arcavi, 1993; NCTM, 1989). For example, 
some of the goals for students given in the National Council of Teachers of Mathematics' Curriculum 
and Evaluation Standards (NCTM, 1989) are that students should be able to: 
• "represent situations that involve variable quantities with expressions, equations 
and matrices" 
• " use tables and graphs as tools to interpret expressions, equations and inequalities" 
• "represent and analyze relationships using tables, verbal rules, equations and 
graphs" 
• "analyze the effects of parameter changes on the graphs of functions". 
These skills represent a shift in focus in the teaching about functions from performing algebraic 
manipulations on functions to more interpretive skills such as being able to model a situation with a 
function, or being able to translate between different representations of a function. 
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The computer can be used to support this type of treatment of functions in a variety of ways. 
One method of using the computer involves using computational science projects as a means of 
giving students an opportunity to leam and apply mathematical concepts related to functions. 
Computational science projects, however, are a fairly new application of computing technology in 
mathematics education, and so it is not clear yet how projects of this type can be applied tn a 
mathematics classroom. The purpose of the research reported here was to investigate the process that 
a group of students went through as they completed a computational science project. The goal was to 
better understand what students do as they work on this type of project. As background for this 
report, the NCTM standards are related to situated cognition theory, uses of the computer in 
teaching about functions are reviewed and a sample computational science project is described. 
Background 
NCTM standards and situated cognition theory 
The standards place great emphasis on students' ability to use classroom mathematics 
outside of school. A major reason for the development of the standards, in fact, was the change in 
our society from an industrial society to an information society and tlie need to develop in students 
the mathematical abilities required to live in that society. If a mathematics curriculum successfully 
develops students' ability to perform the mathematics skills given in the standards, but students are 
not able to apply those sldlls outside the classroom, tlien that curriculum has not met the goals of the 
standards (NCTM, 1989). For example, two of the goals for students in the standards on functions 
and algebra, are that students should be able to represent situations graphicaUy and that they should 
be able to interpret graphs of a situation. It is not enough that students are able to create and 
interpret graphs of a word problem in the classroom. They need to be able to use tliat skill in 
situations outside the classroom. 
Situated cognition theory suggests that, for this goal to be met, major changes are needed in 
the environment of most mathematics classrooms. This theory of learning proposes that traditional 
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instruction generally assumes that knowledge can be separated from the context in which it will be 
used. Ideas and concepts are often presented in an abstract, decontextualized manner, and the 
challenge of recognizing where those ideas and concepts can be applied outside the classroom is left 
to the student. Proponents of situated cognition theory, however, argue that it is not possible to 
separate the knowledge which is being taught from the situations in which it will be used. The two 
are fundamentally tied together. Therefore, if the instruction in the classroom does not relate the 
concepts and ideas to the situations in which they will be used, then it should not be expected that 
students will spontaneously make this connection on their own (Brown, Collins & Duguid, 1989). In 
mathematics, the results of three investigations support this situated view of learning and instruction 
(Lave, 1988; Scribner, 1984; Hemdon, 1971). Each of these investigations demonstrated that there is a 
difference between the mathematics that people know in the classroom and the mathematics that they 
are able to use outside the classroom. To fully meet the goals of the NCTM standards, a study of 
functions should demonstrate how functions are a practical and useful tool to be used in studying the 
world. 
Computers, functions and situated learning 
The computer can be used to support the treatment of functions proposed in the NCTM 
standards, and can provide the type of authentic activity needed due to the situated nature of 
knowledge in several important ways. One important way that the computer has successfully been 
used is in the creation and modification of graphs of a function. An important aspect of this new 
treatment of functions is working with non-algebraic representations of a function and in making 
connections across these different representations. Spreadsheet and graphing tools make it easy to 
create and manipulate a graph of a function. They allow students to do such things as change an 
equation and then see the effect of that change on the graph of the function, Several studies have 
demonstrated that students studying functions in an environment that included the use of graphing 
software understood functions better than students studying functions in a more traditional manner 
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(Magidson, 1992; Dugdale, 1990; Schwarz, Dreyfus, & Bruckheimer, 1990). Tlie students using the 
graphing software were more likely to be able to perform the types of skills called for in the NCTTVI 
standards. The dependent variable in each of these studies, however, appeared to be a traditional 
"school like" measure. All that can be claimed then is tliat students understand functions better in a 
classroom situation. Based on situated cognition theory, this does not necessarily mean that these 
students would be able to use and apply functions better outside the classroom as well. 
A second way in which the computer has been used to support the study of functions is in 
the use of programming to teach about variables in an algebraic equation. Unlike the studies 
involving spreadsheet and graphing tools, the studies that have been done in this area do not 
unilaterally support the claim that programming improves students' understanding and ability to use 
variables. Some studies have shown that students improved in their ability to use variables after a 
programming experience (McCoy & Burton, 1988; Oprea, 1988; Mayer, Dyck & Villberg, 1986). Other 
studies, however, have not shown that a programming experience had this effect (Blume & Shoen, 
1988; Kurland, Pea, Clement & Mawby, 1986), Situated cognition theory may provide an explanation 
for the mixed results in this research. It may be that the programming situation in which students 
leam about variables is very different from the mathematical situation where the knowledge of 
variables is expected to be applied. If this is the case, then students' knowledge of variables may be 
situated within the programming environment and they are not able to transfer that knowledge to the 
mathematical environment. Four studies provide support for this hypothesis (Adner, 1990; McCoy 
1989; Soloway, Lockhead & Clement, 1982). The results of each of these studies indicated that given 
tlie same types of problems, students were more likely to work with and understand variables better 
in the programming problems than in the mathematical ones. The results of these four studies do 
indicate that programming can be used to improve students' understanding of variables, but that 
understanding needs to be transferred to the mathematical situations where it will be applied. 
A third, and relatively new way in which the computer can be used in the teaching of 
functions uses programming and graphing software as a tool for investigation in a special type of 
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project called a computational science project. The rapid growth in computing power over the last 
decade and the increased availability of high powered supercomputers have led to a new method of 
modeling and studying the world called computational science, A computational science problem 
involves the development of a theoretical mathematical model (i.e. an equation or function) of the real 
world which is programmed on the computer and then used for experimentation. Running the 
program generally creates large amounts of data that are difficult to analyze. This data is often put 
into a sophisticated graphing or visualization program which creates a graph or picture of the data 
(i.e. a graphical representation of the equation or function) that is easier to analyze than the data itself. 
The analysis of the results may lead to modifications to the model, changes to the program and more 
experimentation. Many of the models developed by researchers aiid scientists are so computationally 
intensive that they require the power of a supercomputer in order to get results in a reasonable 
amount of time. Examples of areas where computational science techniques are commonly applied 
are models of automobile designs which are experimented with to determine which design is "best", 
or in modeling weather patterns in order to investigate such things as how tornadoes are structured. 
Programs introducing computational science to high school and middle school students are 
beginning to appear (Berg, 1992). In each of tliese programs, students, or teams of students, identify 
an issue that they are interested in and would like to investigate. The students must then research 
that issue and develop a mathematical model that can be programmed on the computer and used to 
study that issue. One such program is the Adventures in Supercomputing program, funded by the 
Department of Energy (Honey, McMillan, Tsikalas, & Grimaldi, 1994). This program, part of the 
federal government's initiative to provide high performance computing and communication tools in 
education, is designed to give students an opportunity to use the same supercomputers and high 
speed computer networks that scientists use in Department of Energy research laboratories. The 
central component of this program is computational science projects that individual students or 
teams of students complete, often with the assistance of a mentor. The work evaluating the 
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Adventures in Supercomputing project is just beginning, but initial results have been positive (Honey 
et al., 1994). 
Computational science projects: What's possible? 
Computational science projects have the potential to be useful in the teaching of functions for 
several reasons. First, a computational science project should require the student to v^fork with a 
function in three or four different representations and for students to make translations across the 
different representations. Possible representations of a function that may be involved in a 
computational science project include: a verbal representation, an algebraic representation (equation), 
an algorithmic representation (program) and a graphical representation. Second, computational 
science projects provide students the opportunity for students to work on a real, authentic problem 
that illustrates how mathematics, especially mathematical functions can be used as an investigative 
tool outside the classroom. They give students an opportunity to apply function concepts in an 
authentic way. It is also important that in these types of problems the computer is a natural tool to 
aid in the investigation of the problem. The computer, according to some proponents of situated 
cognition theory, is often taken out of context and used in isolation without connecting the students 
work on the computer to any real context where it will be applied (Brown and Duguid, 1993). 
Finally, these types of projects may be useful in developing a mathematical understanding of 
variables. The use of programming to develop an understanding of variables was discussed earlier. 
It was shown that progrcimming does seem to have some potential in this area, but that it appears to 
be difficult to transfer the knowledge of variables developed in the programming environment to a 
mathematical environment (i.e. the knowledge of variables is situated within the programming 
situation). Computational science projects may be useful here because the programs that students 
write are explicitly related to a mathematical situation and so it is possible that a coruiection is made 
between the programming situation and tlie mathematical situation. 
48 
Consider the computational science project given in Figure 1 as an example. The problem in 
Figure 1 is a relatively simple problem, the power of a supercomputer is not needed to study this 
problem using computational science techniques. A student could investigate this problem with a 
relatively low powered microcomputer. However, the approach that a student uses to study this 
problem would be very similar to the approach taken by a scientist working on a more complex 
problem which requires the use of a supercomputer. 
An issue in timber management is the number of trees to cut each year and still 
maintain the forest. Once an area has been cut, reforestation generally takes 
place at a known rate depending on climate and soil conditions. For example, if 
2500 acres were left uncut and the reforestation rate for that area was 5%, then 
after one year there would be 2625 acres of forest. A lumber company has 
commissioned you to study this problem using computational science 
techniques. They have 50,000 acres of forest that they harvest. It has been 
determined that the reforestation rate for that area is 6.25%. Your task is to study 
this problem and make a recommendation to the lumber company concerning 
how they should divide their land, and how many acres they could cut each year 
and still maintain the number of forested acres. 
Figure 1. A sample computational science problem 
From this problem statement (a verbal description of the function), one possible path to a 
solution that a student might follow would be to first develop an equation that represents the growth 
or decline of the forest over time given a certain cut amount (an algebraic representation of the 
function). They might then develop a computer program which models their equation over a period 
of time (an algorithmic description of the function). By running their program, the student will get 
data on the growth or decline of the forest given that cut amount. They may graph this data to get a 
picture of the results (a graphical representation of the function). After studying the picture or graph, 
the student may decide that they have cut too much or too little. Tliey may go back to their equation 
and program, modify it by changing the cut amount, and then run the program again, creating more 
data to be graphed. At the end of their study the student would hkely have to create some sort of 
document explaining their study and stating their conclusions. 
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As can be seen from this description, as the project is completed the student will work with a 
function in several different representations. They will be involved in tasks requiring them to 
translate between these representations, and to make interpretations about the problem after 
studying the various representations. This problem also has some authenticity to it. Students would 
be applying mathematical concepts related to functions to the study of a real problem tliat needs 
investigation. This seems to be precisely the type of activity called for in the NCTM standards. 
What's possible, and what actually happens, however, may not be the same. The research reported 
next describes the process that one group of students actually went through as they completed a 
computational science project. 
Method 
Sample 
This study took place in conjunction with another study investigating the use of 
computational science projects. In that study (Fyfe, 1995) a group of students from three small 
midwestem high schools participating in the Adventures in Supercomputing program were studied 
to see if completing a computational science project improved their understanding of functions and 
their ability to use variables mathematically. Students worked in groups of three and four as they 
completed their projects. The students in that sample ranged from ninth to twelfth grade and 
exhibited a range of mathematical ability based on their scores on the Iowa Test of Educational 
Development (ITED). Table 1 shows the distribution of that sample according to their ITED math 
scores. The median score for the sample was 23, and the mean was 23. The sample included 24 males 
and 11 females. ITED scores were not available for 3 students in the sample. 
From the sample for that study, one group of four students was observed daily as they 
completed the project, and theu" work on the project was analyzed for this study. This group was 
chosen because they appeared to be typical of the entire sample in terms of their mathematical ability 
and gender mix. The group included two males and two females. One male was above the median 
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ITED math score and one was below. The same was true of the two females. Also, none of the 
students in this group represented either extreme in mathematical ability (i.e. their ITED scores were 
all relatively close to the median). The scores of this group ranged from 20 - 31 and the mean was 25. 
One area in which this group was not typical was in the grade levels represented in the group. Three 
of the members were ninth graders while the other member was a tenth grader. No eleventh or 
twelfth graders were a part of the group. However, because the students worked on their projects 
within a class in which they were enrolled, it would have been impossible to find a group that 
represented all grade levels. 
Table 1. Distribution of the sample by 
ITED math score 
ITED Score # in range 
33-36 4 
28-32 5 
23-27 8 
17-22 9 
12-16 3 
7-11 3 
Procedure 
Prior to beginning their project, the entire sample was given a pretest measuring their skill 
with variables and their understanding of the fimction involved in the project. All groups were then 
given two weeks to complete the project. Work on the project was done in one course, and the entire 
class time in that course for the two weeks was devoted to the project. Following their work on the 
project the students took a post test also measuring their skill with variables and understanding of the 
function underlying the project. The results from the pre and post tests were the basis for the study 
that occurred concurrently with this study. Both the pre and post test consisted of three questions. 
Each question presented the student with a situation and asked them to write an algebraic equation 
that modeled the situation. The students' answers on each question were rated on their 
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understanding of the function underlying the situation being described in the problem, and on their 
ability to use variables to model that situation 
The computational science project that was completed for this study involved the problem 
given in Figure 1. Students were told that tliey were consultants asked by a lumber company to 
investigate this problem. The lumber company had a total of 50,000 acres of forest initially, and the 
reforestation rate for the area was between 2% and 8%. Tlie goal of the company was to cut as many 
acres as possible, but to still maintain their forest for a long period of time. The task of the students 
was to study this problem and then write a report to the lumber company making a recommendation 
for a cut amount if the reforestation rate was 2% and a recommendation if the reforestation rate was 
8%. 
Tlie group of four that was chosen for this study was given a tape recorder and their 
conversations were taped as they worked on the project. In addition, the group was observed every 
day, except for one, as they worked on the project. The main purpose of these observations was to 
provide a context for the group's conversations. The researcher would note what the group was 
doing as they talked, and what they were working with. If the group was working on a program the 
researcher would record what part of the program the group was working on. Also noted were any 
questions and thoughts that the researcher had about the group's work on the project. 
Analysis 
The tape recorded conversations were transcribed and the researcher's notes added to the 
transcription to form a transcript of the group's work on the project. This transcript was categorized 
in two different ways. Schoenfeld (1985) provides a framework for categorizing verbal data from 
students as they solve mathematical problems. In this framework, the data is initially parsed into 
chunks called episodes. These episodes are periods of time during which the problem solving group is 
engaged in tasks related to one aspect of the problem solving process. The different types of episodes 
include; (1) reading, (2) analysis, (3) exploration, (4) incorporating new information, (5) plemning, (6) 
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implementation, (7) verification and (8) transition between tasks. Table 2 describes each of these 
types of episodes in more detail and gives examples of what students might be doing in each type of 
episode as they completed a computational science project. 
Because of the focus of this study on students' understanding of functions, the transcript was 
also categorized according to what representation of the function the students were currently using. 
Four different representations which students should work with as they completed the project were 
identified: (1) verbal description, (2) algebraic/symbolic, (3) algorithmic/program and (4) graphical. 
These different representations of a function in a computational science project were described 
earlier. 
Once categorized, the chunks or episodes were analyzed to determine the "quality" or 
effectiveness of the episode. Was the episode coherent, and were tlie actions taken by the group 
effective in finding a solution to the problem. Schoenfeld (1985) provides a set of guidelines to assist 
in determining the effectiveness of each episode. These guidelines consist of a series of questions to 
ask about each type of episode. The questions, listed in Table 3, provided a set of criteria that were 
used to evaluate each episode. 
Example. The following example illustrates how the analysis was done for one episode. For 
a complete description of this analysis technique see Schoenfeld (1985). Figure 2 gives a small portion 
of the transcript of the group that was observed for tiiis study. This episode was categorized as a new 
information episode because the group was given a piece of information by the teacher about the cut 
amount that they had missed while reading the problem. It was also categorized as an algorithmic 
episode because the group was currently working with their program or an algorithmic 
representation of the function. In this episode the teacher is questioning the group about their 
program and what certain variables are used for. In this questioning, the teacher discovers that the 
students have misunderstood how the cut amount works and proceeds to explain their mistake. The 
students then begin to question the teacher until they are satisfied that they understand how it works. 
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Table 2. Summary of Schoenfeld's problem solving categorization scheme 
Episode type Description Computational Science examples 
Reading The reading episode begins when the 
subject(s) begin to read the statement, and 
includes time spent ingesting the problem 
conditions and contemplating the 
problem statement. 
This type of episode in a computational 
science project would be very similar to a 
reading episode in other types of 
mathematical problems. 
Analysis In an analysis episode the subject(s) are 
attempting to understand the problem 
and select an appropriate approach to 
take in investigating the problem. 
Appropriate tools for investigation are 
often chosen at this stage, and this stage 
often leads to the development of a plan. 
Activities that the subject(s) might be 
involved in at this stage of the 
investigation include picking an 
appropriate mathematical model and 
computer algorithm to use in the 
investigation 
Exploration An exploration episode is a search for 
relevant information that can be used in 
the analysis/plan/implementation stages. 
In this stage, their may be no 
mathematical model or algorithm readily 
apparent to the subject(s), and so they 
may be searching for information that will 
lead to the development of an appropriate 
model or algorithm. 
New 
Information 
New information episodes are episodes 
where new information has been obtained 
or recognized by the subject(s) and is 
being incorporated into their approach. 
In this type of episode, the subject(s) 
might be determining how tlie new 
ijiformation would change the program 
they have developed. 
Planning Planning episodes generally follow 
analysis episodes and typically involve 
the development of a plan for 
investigating the problem using whatever 
approach has been selected. 
A planning episode could involve the 
design of a computer program to use in 
the investigation and the planning of how 
to manipulate that program to investigate 
the problem. 
Implementation [mplementation episodes generally follow 
Dlaiming episodes and typically involve 
jutting into action the plan that was 
previously developed. 
An implementation episode could include 
the development of a computer program, 
and the use of the program to investigate 
the problem. 
Verification Verification episodes involve testing the 
implementation to make sure it is correct, 
and reviewing and evaluating the plan for 
the investigation. 
Verification might involve testing the 
:omputer program to see if it is correct, 
and reviewing how the program will be 
used to see if that use will be effective. 
Transition Transition episodes are the time between 
2pisodes when decisions are made 
:onceming how the subject(s) should 
proceed. 
i\ Transition might occur in a 
:omputational science project as the 
5ubject(s) moves from developing the 
program to using and manipulating the 
program in their investigation. 
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Table 3. Episode analysis questions in Schoenfeld's analysis scheme 
Episode type Analysis Questions 
Reading •Have all conditions of the problem been noted, either implicitly or explicitly? 
•Has the goal state been noted either implicitly or explicitly? 
•Is there assessment of the current state of the problem solvers knowledge relative 
to the problem solving task? 
Analysis •What choice of perspective is made? Is it made implicitly or explicitly? 
•Are the actions taken by the subject(s) reasonable? 
Exploration •Is the episode directed and purposeful? 
•Is there monitoring of progress? 
•Are the actions taken by the subject(s) reasonable? 
New Information •If appropriate, does the subject(s) assess his/her current state of his/her 
knowledge? 
•If appropriate, does the subject(s) assess the relevancy or utility of the new 
information? 
•What are the consequences of these assessments, or the absence of them? 
Planning 
and 
Implementation 
•Is there evidence of any planning at all? Is the plarming overt or inferred from 
the purposefulness of the subject{s)? 
•Is the plan relevant and appropriate? Is it well structured? 
•Does the subject(s) assess the quality of the plan? 
•Does the implementation follow from the plan in a structured way? 
•Is there assessment of the implementation? 
•What is the consequence of these assessments, or absence of them? 
Verification •Does the subject(s) review the solution? 
•Is the solution tested in any way? 
•Is there an assessment of the solution, either an evaluation of the process or an 
assessment of the confidence of the result? 
Transition •Is there assessment of the current solution state? 
The questions for studying a new information episode are given in Table 3. These questions 
were used to analyze how effective the students were in using this new information to help them 
solve the problem at hand. It was determined that the students assessed their current state of 
knowledge and determined that some part of their knowledge was incorrect. They then proceeded to 
question the teacher to determine the relevance of the information they were being given. Their 
effective use of this new information led the group back on a path to a correct solution. This was a 
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fairly effective episode for the group and was a critical juncture in the project. If they had not used 
the information given by the teacher effectively, the group would have likely continued working on 
an incorrect solution path. It should be noted, however, that only one member of the group worked 
completely through this stage. On the second day, only DZ worked with the teacher and corrected 
their program. 
TEACHER: What is that ,0187? [this is the number tliat was input for the 
cut amount] 
BT; That's how much you add to the cut amount 
DZ: That's how much you add to the decrease amount every year. When you first... 
TEACHER: what's b? 
DZ: bis .02 
TEACHER: OK, so that's your forrestation rate? 
DZ: That's the initial decreasing rate. Then every year we add 1.87% to the 
decreasing rate. 
TEACHER: What's your cut? How much do you cut? ... Wliy are you changing the 
rate? The rate should be 2% every time shouldn't it? 
[The teacher is confused and thinks that the rate they have been talking about is the 
reforestation rate. The teacher is trying to find out what they are using for a cut 
amount] 
DZ: Huh? 
TEACHER: Every year its going to grow back exactly 2%. That amount should not 
change. 
BT: No... 
DZ: Not if you... See... every time you cut it's not going to be the same number 
tliough 
[There is still some confusion, the group is talking about the cut amount and the 
teacher is talking about the reforestation rate] 
TEACHER: Yes... every year they want to be able to cut the same number of trees, 
and its going to grow back at 2%. Look at an example. We have 50,000 acres and 
cut 5000. The remaining acres will grow back at 2%. So 2% of this will be... Now we 
have this many acres and we have lost a few [the remaining acres is less than 
50,000]. The next year 5000 acres will be cut again. So every year the same amount 
is cut and whatever is left will grow back at 2% 
DZ: OK... 
BT: So its going to grow back at 2% every year. 
TEACHER: Yes, so if it is going to grow back at 2% you need to figure out how 
much can you cut every year and keep the forest at about 50000 acres. You don't 
want to lose too much every year. Does that make sense? 
PCH: So we have to cut a set amount first and then add it... let it grow back 
DZ: So you want to cut it and then grow it back... 
TEACHER: Assume that they will cut at the beginning of the year 
DZ: All right... [The group looks at the screen and studies the program] 
Figure 2. A partial transcript of students working on a computational science 
project. 
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The bell rings ending the period... This episode continues into the next day. On this 
day only DZ is working on tlie program. 
DZ; [To the teacher at the begirming of the period] I am not quite sure I understand 
how this will work? Why wouldn't a percentage of acres be cut? 
TEACHER; Because the company want to know exactly how many acres they will 
be cutting each year for budget purposes. If you are just cutting a percentage, the 
amount cut will be different every year. 
DZ: Okay, but now I am not quite sure how to change our program. 
TEACHER; Lets look at anotlier example of what will happen with the forest, 
maybe that will help, [the teacher writes on the blackboard as he talks]. See if we 
have 100 acres initially and we have a cut amount of 20 acres, then after we cut there 
will be 80 acres left. If the reforestation rate is 8% then 8% of 80 will grow back. 8% 
of 80 is about 6, so 6 acres will grow back and at that end of the year there will be 86 
forested acres. Does that help? 
[DZ studies tlie board for a bit] 
DZ: OK, I think I've got it. I really don't have to change too much to the program 
than do I? 
TEACHER; I wouldn't think so. 
Figure 2. Continued 
Results 
In this section, each individual episode found in the transcript of the group's work will be 
summarized and the analysis of that episode presented. Next the important tliemes that emerged 
from the analysis will be presented. The entire transcript of the group's work can be found in Fyfe 
(1995). The description of the students' work that follows should illustrate a group that, due to an 
important misconception in what the problem is asking for, struggled for several days. Wlien that 
misconception was resolved, however, the group quickly moved toward a viable solution. The titles 
for each episode indicate how that episode was categorized in both the problem solving stage and 
what functional representation the students were using at that stage. 
Episode summary 
Episode 1: readiiig/vrbal. This initial episode was a reading episode as the group read through 
the problem and clarified what they were suppose to do in the project. The episode would last only 
10 minutes or so. At this point, the students were working with a verbal representation of the 
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function, the problem description. The group correctly clarified with the teacher the overall goal of 
the project: to keep the forest close to 50,000 forested acres. They did not, however, completely 
clarify other aspects of the problem. From the questions that the students ask, it becomes clear that 
they believe the problem is asking them to determine a percentage of acres to cut, when the problem 
is really asking them to determine a set number of acres to cut each year. This misunderstanding of 
the problem would plague the group through the first week of work on the project. Also apparent in 
this first episode is that the group has one leader (DZ) who will dominate the work on the project. 
Episode 2: transition/verbal. This is a very brief episode as the group moves from reading the 
problem to analyzing the problem. The group is still working with a verbal representation of the 
function. What is interesting about this episode is what is not present. There is no discussion in the 
group about how to proceed. Each member of the group simply finishes reading the problem in 
silence and then DZ sits down at the table and begins performing some calculations on a calculator. 
When questioned about what he is doing, he responds that he is trying to determine what cut off 
percentage they want to use. The group accepts this and sits down to watch DZ calculate. 
Episode 3; analysis/none. In this episode, tlie group, but mainly DZ, is attempting to determine 
a percentage of acres to cut each year by calculating on paper how many acres of forest would be left 
after one year if a certain percentage is cut and the forest grows back at a rate of 2 percent. This 
episode was categorized as having the students work with no functional representation because the 
students were just doing arithmetic with pencil, paper and a calculator. It appears that their plan is to 
find a percentage to use as a cut amount which works well for one year. Then they will write a 
program which models the growth of the forest over 50 years given the percentage to cut and the 
current reforestation rate. DZ spends most of the rest of the period doing these calculations for 
various cut percentages. NI, the other male in the group helps out by commenting on the results of 
each calculation ("How was that?", "That's close enough"). The two females watch as the males work 
on the calculations, but it is clear that they are not exactly sure what is being calculated. BT, one of 
the females, briefly tries to get an explanation of the approach the group is taking, but does not force 
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tlie issue when she does not get an answer to her questions. By the end of tlie period, the group 
seems satisfied that they have a good percentage to use as a cut percentage if the reforestation rate is 
2 percent. 
At least two problems exist in the students work in tliis analysis episode. First, the students 
have not resolved the misconception that they are to determine a percentage of acres to cut, rather 
than a set amount. The group seems to have moved too quickly from the reading of the problem and 
is proceeding without a complete understanding of the problem. There still has been no general 
discussion by the group about the approach tliey are taking and whether or not it is the best approach 
to take. Second, the students' decision to perform all these calculations does not seem appropriate 
given the tools that the students had available and would use in later episodes. They spent most of 
the period doing work that they could have just as easily had the computer do. In fact, they would 
write a program that would do these very same calculations in the next episode. 
Episode 4: implementation/algorithmic. Once the group finishes the calculations, they move to 
the computer (DZ is the typist) and begin an implementation episode where they are writing a 
program to calculate the results over 50 years. Because they are working with a program, this 
episode is also classified as an algorithmic episode. They begin by defining the variables that will be 
needed in the program. As members of the group make suggestions, DZ incorporates them into the 
program. Next they turn to developing the heart of the program, which is an equation calculating tlie 
change in the number of forested acres for one year (exactly what the group was calculating by hand 
in the previous episode). This equation is surrounded by a loop in which the calculation is done 50 
times. The equation is developed just as the variables were defined. As members of the group make 
suggestions ("Add this", "Subtract that"), DZ incorporates them into the equation. In the middle of 
developing this equation, the period ends. The next day, DZ begins by finishing the code for the 
equation on paper and then types the code in. The rest of the group sits by as DZ does this and are 
not involved as the program is finished. 
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Wliat is conspicuous in this episode is tlie lack of planning on the groups' part. They move 
directly to the computer and begin writing code. Their program is developed in an ad-hoc way, as 
different members of the group make suggestions and those suggestions are incorporated into the 
program. There is little evidence of any overall planning, or discussion about what the program 
should do as the program is developed. It is also important to note in this episode that the females of 
the group do not offer much help in the development of the program. They appear to be watching 
what is going on, but offer few suggestions. This will be common throughout the group's work on 
the project. 
Episode 5: verification/algorithmic. Tlie group is now in their second day of work on the 
project. Once the group gets the program written, they run it to see what happens. The program 
prints out a list of negative numbers. The group believes immediately that this is not correct, and 
assumes that there is a problem with their program. In this episode, they are working to correct the 
program. The episode consists of DZ and NI, the two males in the group, making changes to the 
program and then running the program to see the effect of their changes. The changes that are made 
to the program are mainly corrections in the spelling of variable names and corrections in program 
syntax Finally after making several changes the program runs without printing any negative 
numbers. They assume that the lack of negative numbers means that their program is correct and 
that is the only verification that occurs. They do not do any further testing to verify that their 
program is correct, and they do not review their program and assess their approach in finding a 
solution. 
Episode 6: implementation/algorithmic. Once the group has what they believe to be a working 
program they begin an investigation of what percentage to use for a cut amount if the reforestation 
rate is 2 percent. They begin with the percentage that they had spent most of the previous day 
calculating. When they use this percentage, however, the forest declines rapidly over the course of 50 
years. On the next try they cut too little and the forest grows very rapidly. This begins a series of 
tries in which the group tries various cut percentages, but seems to move no closer to what they feel is 
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a viable solution. At one point they end up back at the original number they started with, and at 
another point on three successive trials they enter smaller and smaller cut percentages which takes 
them further and further from a solution. Finally, at the end of the episode, DZ decides that there is 
something wrong with their logic. He decides that they cannot cut the same percentage every year, 
but that they need to cut a different percentage every year. This point ends the second day of work 
on the project. 
Throughout this investigation, the group does not seem to know how to approach finding a 
satisfactory solution. There is no evidence of a plan of attack or a systematic approach to the 
investigation. Other them noting whether or not they were too high or too low, the group never 
seems to take a close look at the results of the trials in order to help them move closer to a viable 
solution. When tliey do finally stop and assess their work, they correctly decide that there is a 
problem with their logic. Their conclusion, however, does not keep in mind the overall goal of the 
project. The lumber company wants to cut the same amount every year, not a different amount. 
Episode 7: implementation/algorithmic. The group spends the entire third day of the project 
modifying their program so that the percentage of acres cut every year is different. They end up with 
a program that begins with an initial reforestation rate and a begirming percentage to cut the first 
year. That cut percentage is then increased every year by an amount that is input into the program. 
The researcher was not present in the classroom on this day, and the work of the group was not 
recorded. Therefore, no analysis of this episode was done. 
Episode 8: verification/algorithmic. On the fourth day, the changes to the program have been 
completed and tlie group begins testing to see if their program is correct. This episode is spent 
correcting two problems that are now occurring in the program. First, the program is no longer 
looping. Their program executes, but only goes through the loop once instead of 50 times. This 
problem ends up being an error in syntax that they created while making changes to the program. 
Once that is corrected and the program runs, the group decides that they are adding too much to the 
cut percentage every year. DZ and NT (the other male in the group) discuss the problem and they 
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end up changing the way the cutting percentage is calculated every year. They end up with a 
program that adds 2 percent to tlie amount cut every year. The first year 2 percent is cut, the second 
year 4 percent, and so on. It is not clear how they arrived at tliis amount. DZ claims to have guessed 
that it might work, and when he tried it in the program, the numbers looked good. 
Once again there is little testing of the program. The group assumes that, because the 
numbers look good, their program is correct. They never return to the original goal of the problem 
and verify that their approach will lead to an acceptable solution, which it won't. The group has yet 
to fix their initial error of cutting a percentage rather than a set amount every year, and this 
misreading of the problem is causing many problems as the group works toward a solution. 
Episode 9: implementation/algorithmic. Once again, the group believes they have a working 
program and they begin again an investigation into what initial percentage to cut when the 
reforestation rate is 2 percent. Initially, they input a percentage that is too large and the forest shrinks 
rapidly. They lower this percentage, to cut less on the next trial. This time they have not cut enough 
and the forest grows. They make another adjustment to their percentage, tliis time choosing a 
percentage that is in between the first two. The forest shrinks slightly over time, but remains 
relatively stable. The group makes one more trial, lowering the percentage a small amount to see if 
they can stop the forest from shrinking at all. 
The group was much more systematic in this investigation than they were previously 
(episode 6). They seem to have learned from this previous experience what effect the changes they 
make to the cut percentage will have on the results. They are better able to use the results of previous 
trials to guide their choice of input for the next run of the program. While the group seems to have a 
better grasp on how to manipulate their program to find a viable solution to the problem, tliey still do 
not understand that the program is asking for a set cut amount, a specific number of acres to cut 
every year. Until this misconception is resolved they will not have an acceptable solution, and 
because the group does not refer back to the problem statement and does not do an adequate 
assessment of their progress it is unlikely that they will resolve this misconception on their own. 
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Episode 10: new information/algorithmic. This episode was presented earlier in tlie example. 
The important aspect of this episode was that the group finally resolved their misconception, but only 
one member of the group was present when this was done. 
Episode 11: implementation/algorithmic. Once the misconception is cleared up, DZ finishes this 
day of work on the project by changing the program to incorporate this new information. The basic 
form of their program does not need to be changed. DZ only needs to change the equation and some 
of the inputs to the program. With a better understanding of what is needed, it does not take DZ long 
to make the changes and by the end of the day he has a working program. The rest of the group has 
drifted away and are working on other things not related to the project. DZ has finally compared the 
approach that the group was taking with what the problem was asking for and determined the 
deficiencies in their approach. With this new understanding of the problem, the changes that need to 
be made to the program quickly follow. 
Episode 12: implementation/algorithmic. With a program they once again believe to be 
working, the group, but mainly DZ, begins, for the third time, an investigation of how much can be 
cut each year and still maintain the forest at 50000 forested acres. DZ, with the other members of the 
group looking on, is able to quickly determine how much to cut for a reforestation rate of 2 percent. 
He then modifies the reforestation rate and determines how many acres to cut each year if the 
reforestation rate is 8 percent. DZ seems able to apply what he learned in the previous episodes 
working with percentages (episodes 6 and 9), and seems to have an understanding of the effect that 
different cut amounts will have on the result. With a complete understanding of the problem, DZ is 
able to use the program effectively to find an acceptable solution to the problem. 
Episode 13: implementation/graphical and verbal. In this final episode, the group spends the 
final two days of the project developing the report and making their recommendations to the lumber 
company. DZ modifies the program slightly so that the output of the program can be used in a 
graphing and visualization software. He creates output for cut amounts other than what they are 
recommending so that the different graphs can be compared by the lumber company. KH and NI 
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take the data generated by DZ and create the graphs and then BT and KH, the two female members 
of the group, write the report which explains the approach that the group took in investigating the 
problem, describes the graphs of output and then gives their recommendation for a cut amount for 
both a 2 percent reforestation rate and an 8 percent reforestation rate. 
Emergent themes 
Several themes emerged from the analysis of these episodes, and the observations that the 
researcher made while in the classroom. These themes are related to the mathematical modeling 
process, the different functional representations used by the group and the dynamics of group 
learning. These are areas that the researcher believes are critical in structuring a computational 
science project. 
Modeling process. The NCTM standards on functions and algebra place an emphasis on 
students' ability to model phenomena with functions (NCTM, 1989). Situated cognition theory 
(Brown, Collins & Duguid, 1989) suggests that it is important that students be given an opportunity 
to apply this skill in real problems. Computational science projects provide an opportunity for 
students to leam and apply different processes related to modeling and mathematical problem 
solving, and so it is important that these processes are identified as the project is developed. Tliese 
processes are probably more important than any end result of the project. In the problem used for this 
project, the end result was a cut amount that kept the forest stable over a period of 50 years. To find 
this amount, the students used and applied several processes related to mathematical modeling. One 
such process was a process of isolating a variable in a function and then making changes to that 
variable to determine how those changes affected tlie result of the function. The group of students 
observed for this study was not very effective in this process at the begiiming of the project. They did 
not seem to understand how to use the results from previous trials to change the variable in question 
for the next trial. When given the opportunity to apply this process a few times, however, they 
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appeared to develop, with virtually no instruction, an understanding of how to use this process (at 
least one member of the group did). 
There were several other important processes, however, that the students did not learn 
adequately, despite several opportunities to apply these processes. For example, an important 
process related to modeling is a process of verifying that the mathematical model chosen or 
developed correctly models the situation being investigated. In a computational science project this 
might involve first verifying that the algebraic model is correct, and then verifying that the program 
correctly models the algebraic model. This group of students did not explicitly develop an algebraic 
model of the situation, therefore, verifying the correctness of the that model was not done. They also 
were not effective in verifying the correctness of their program. Their sole basis for judging the 
program to be correct appeared to be a simple scan of the output. The numbers "looked" reasonable, 
therefore the program must be correct. They did not refer back to the original problem statement to 
determine if the program was in line with the description of the situation given in tlie problem 
statement, nor did tlney test their program with numbers that they calculated by hand to verify that 
the program was working correctly. In short, the students did not appear to develop an 
understanding of how to effectively verify the correctness of their solution path. 
The group in this study was working on their problem with very little support. They would 
occasionally ask questions of the teacher, and the teacher did help clear up a misunderstanding the 
group had about one of the variables in the project. For the most part, however, the group was on 
their own. Clearly, this was not the best way to structure this project. Collins, Brown and Newman 
(1989) and Young (1994) propose that appropriate scaffolding or supports are a necessary part of the 
learning environment when students are working on complex, realistic problem solving tasks. What 
type of supports would have assisted students in understanding of the desired modeling processes as 
they completed this project? Brown and Campione (1990) suggest tliat an important aspect of the 
scaffolding provided in this type of problem solving environment are supports that require students 
to reflect on their progress through the problem solving space and to externalize the tasks that were 
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completed implicitly. They propose a problem solving reflection board which requires students to 
reflect on certain stages of the problem solving process, and to externalize what was done at that 
stage. Brown and Campione's proposed board consists of four general components related to 
different stages of the problem solving process: goal setting, planning, problem solution and sense-
making/checking. Table 4 describes the different components of this board. This type of board could 
easily be modified for use in a computational science project. The different aspects of a project that 
were deemed important would simply need to be a part of the board to force students to reflect on 
their actions in that area. For example, verification of the mathematical model and the computer 
program was described earlier as an important process that the group of students in this study did 
not complete effectively. The sense-making/checking portion of the board could easily be modified 
to force students to reflect on how they checked their model and program. 
Obviously, one of the important supports that will be given to the students will be the 
teacher. The actions that the teacher takes in the environment as they work with the students will be 
very important. Collins, Brown and Newman (1989) and Young (1994) describe the role of the 
teacher when students are working in a complex, realistic environment, and dealing witli new 
information and new, unfamiliar processes. Their description is very applicable to the role of the 
teacher as students complete a computational science project. They describe a teacher in these 
situations as a model and a coach . Their job is to model an appropriate method or approach to the 
investigation, and to coach the students through aspects of the project that are particularly 
troublesome. Consider the actions of the teacher in this study as he helped the group resolve their 
misunderstanding concerning the amount of forest to be cut. The teacher effectively helped the 
students overcome their misunderstanding, but he did not help the students correct the process that 
led to their misunderstanding. They did not go back to the problem statement and look at how the 
problem was read and how the misunderstanding developed. This may have been an appropriate 
time for the teacher to model a careful investigation of the problem statement and definition of the 
variables involved. Besides modeling effective methods of investigation, the teacher can also help 
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students work through a misunderstanding by making the context in which tlie problem is set richer. 
The teacher can provide details about the situation that were left out of the problem statement. 
Discussing these details may assist the students in breaking through their misunderstanding. For 
example, the problem statement for this problem does not give any information about how the 
logging company will cut their acres each year. Which part of tlie forest will be cut? How many 
workers are used to do the cutting? Such details are not necessary to complete the problem, but 
discussing them may help the students better understand what the logging company is asking for in 
the consultant's recommendation for a yearly cut amount (i.e. a set amount, not a percentage). 
Table 4. Brown and Campione's problem solving reflection board 
Board Component Description 
Goal Setting On this part of tlie board the students must state clearly the exact problem to be 
solved along with identifying any unknown quantities or variables relevant to 
the problem. 
Planning Here the students must identify the relationships that exist among the quantities 
they identified in the goal setting stage. They may also draw a sketch of the 
problem to use in their plarming. 
Problem-Solution Here the students must indicate the specific calculations performed, and/or the 
algebraic representation of the problem that was formed. 
Sense-
Making/Checking 
Here the students must indicate whether or not the actual computations were 
performed correctly, and whether the answer makes sense when related back to 
the original problem. They must also reflect on the overall problem solving 
process. 
Functional representation. Different functional representations are each a unique, but related 
tool that can be used when modeling and studying some phenomena. Computational science 
projects can involve a variety of representations and provide opportimities for illustrating the power 
of these representations in studying the world. The group on this project worked mainly with an 
algorithmic representation and a verbal representation. From a verbal description of the function (the 
problem statement) they developed an algorithmic representation (their program). They then 
translated the results of executing their program back into a verbal representation as they wrote their 
report. They also briefly used a graphical representation to be used in their report. A representation 
that was conspicuously absent from their work was an algebraic representation. The group never 
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appeared to be working with a mathematical equation. It might be argued that in writing the 
computer program students are developing an understanding of and ability to use an algebraic 
representations of a function because using variables in a program is very similar to using variables 
in an algebraic equation. However, research has shown that students' knowledge of variables in a 
programming environment does not translate to a knowledge of variables in an algebraic 
environment (Adner, 1990; McCoy, 1989; Blume & Shoen, 1988; Kurland, Pea, Clement, & Mawby, 
1986; Soloway, Lockhead & Clement, 1982). Therefore, it should not be expected that students will 
leam about an algebraic representation by writing a computer program. The two representations, 
while very similar, are different and need to be treated differently. 
A goal of a computational science project does not need to be having students work with as 
many functional representations as possible. Rather, the few representations that are to be an integral 
part of the project should be identified, and the problem selected so that it requires students to work 
in those representations. For example, if one of the goals of the project is the ability to use and 
understand the algebraic representation of a function, then the problem must be structured so that it 
requires students to work in that representation. This does not mean that the algorithmic 
representation cannot be used to support the study of the algebraic representation, but it should not 
replace it. The problems should not be structured such that the use of these different representations 
is artificial either. Each functional representation should be of obvious use in finding a solution and 
not simply a requirement of the project. In this study, the group created graphs of their output, but 
did not study and interpret these graphs in any way. The graphs were created only because it was a 
requirement for the project report. This likely happened because the project really did not require the 
students to use this representation while seeking a solution. The students could make their 
interpretations simply by looking at the output of the program on the screen. They did not need to 
look at the data graphically in order to determine whether or not they had found a possible cut 
amount. 
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Group dynamics. It became quickly apparent as the group's work began on the project that 
the males, and one male in particular, would dominate the development and manipulation of the 
computer program. The females, even though one of them had the highest math ability in the group 
according to their ITED test scores, did not participate much in the development of the program or in 
tlie use of that program to find an acceptable cut amount. In fact, at a crucial point in the project 
when the teacher was helping "the group" break their misconception of how the cut amount should 
be represented, the females were not even present. The development and use of the program is a 
crucial aspect of this project. It is in this stage where students will leam and apply many of the 
modeling processes discussed earlier. By only slightly participating in that portion of the project, the 
females missed a vital learning experience. When the pre and post test scores of this group were 
examined (the pre and post test measured students' understanding of an iterative function), it was not 
surprising that the two males showed more improvement than the two females. 
This was not the only point where part of the group did not participate in the project 
development. DZ, once he had finished his work with the program had very little to do with the 
creation of the project report, and so missed an important opportunity to communicate the 
knowledge he had gained as the program was written and the problem was investigated. An 
important goal in the NCTM standards is that students be able to communicate mathematically 
(NCTM, 1989), and so DZ missed a chance to leam and apply a very important skill. 
Projects of this sort lend themselves to group work, which may lead to students working on 
different aspects of the project and so learning different things. If any aspect of the project is crucial 
to the learning process then steps need to be taken to ensure that all members of the group are 
involved at that point in the project. An understanding of cooperative learning techniques and 
research will likely assist the teacher in involving all members of the group in the project. Tlie 
problem solving reflection board discussed earlier (Brown & Campione, 1990), may be useful in 
getting all students involved in the important processes that are a part of the project. This type of 
board is designed to make students think about their work and explain what they have done. This 
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board may be useful in generating conversation among the group, and force them to discuss in 
greater detail the approach they are taking in solving the problem. 
Summary and conclusion 
Computational science projects appear to provide a rich environment in which many 
different activities related to functions and other mathematical concepts may be explored. They 
provide an opportunity for illustrating how functions are useful in studying the world and having 
students participate in an authentic use of functions as a tool in a mathematical investigation. Tliis 
study was meant to take a critical look at one group of students work as they completed a 
computational science project in order to identify areas that might hamper this potential for learning. 
As they worked on their project, the group that was observed for this study was given an 
opportunity to practice and apply several processes related to mathematical modeling and problem 
solving, While the group eventually reached a solution to the problem, in the eyes of the researcher, 
tliey did not develop a complete understanding of and ability to apply the processes that they used 
to reach their solution. The researcher also observed that the group did not function as a unit. One 
member of the group dominated the work on the project, while the rest of the group looked on. Tlie 
researcher concluded that the necessary scaffolding or supports (Young, 1993; Brown and Campione, 
1990) to assist the group in developing an understanding of the processes involved, and to assist the 
group in working as a cohesive unit, were not present in the structure of the project. Suggested as a 
possible support for students as they work on a computational science project was a problem solving 
reflection board (Brown & Campione, 1990). Boards of this type should give students an opportunity 
to consider what they are doing as they work on the project, and force them to explain their actions to 
each other and to the teacher before continuing to the next phase of the project. 
Besides providing an opportunity for students to used different modeling and problem 
solving processes, computational science projects also provide an opportunity for students to work 
with different representations of a function, and to translate between the different representations. It 
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was expected that the group in this study would work witli an algebraic representation and a 
graphical representation of the function as they completed their project. The group only briefly used 
a graphical representation, and did not use an algebraic representation at all. It is not critical that 
students work in all representations as they complete a project. That should not be a goal of the 
project. However, if a particular representation is to be emphasized in a project, then care must be 
taken to select a problem that will utilize that representation. 
Determining the processes and functional representations that are important to a project, and 
providing appropriate supports to students as they work through a project, will help make the project 
an effective learning tool. Supports, such as the problem solving reflection board, will focus the 
teacher and students on the important processes and representations that are an important part of 
each project. They will help identify specifically what students should learn as they complete the 
project, and help teachers guide students through the process of investigating the problem at hand. 
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SITUATING MATHEMATICS INSTRUCTION ON FUNCTIONS AND 
VARIABLES WITHIN A COMPUTATIONAL SCIENCE PROJECT 
A paper to be submitted to the Journal of Computers in Mathematics and Science 
Teaching 
Stephen Fyfe 
The concept of function is a central theme in mathematics, and examples of functions will 
likely be found throughout a mathematics curriculum (Romberg, Carpenter, & Fennema, 1993; 
NCTM, 1989). Typically functions have been studied in the mathematics classroom in tlieir symbolic 
or algebraic representation. Graphs of a function were sometimes used, but only minimally because 
they were cumbersome to create and manipulate (Romberg et al., 1993). Technology, however, 
provides opportunities for students to study functions in other representations besides their symbolic 
representation. Possible representational forms for functions include graphs, tables, verbal 
descriptions, and algorithmic descriptions (a computer program) besides the traditional algebraic 
equation. A curriculum on functions can now go beyond basic algebraic manipulations of a symbolic 
representation of a function and should focus on having students make connections across these 
different representations of a function (Moschkovich, Schoenfeld, & Arcavi, 1993; Kieran, 1993). 
These ideas for teaching about functions are consistent with the National Council of Teachers of 
Mathematics Curriculum and Evaluation Standards (NCTM, 1989). The standards on Algebra and 
functions (NCTM, 1989, pp. 150,154) state that students should be able to: 
• "represent situations that involve variable quantities with expressions, equations, 
and matrices" 
• " use tables and graphs as tools to interpret expressions, equations and inequalities" 
• "appreciate the power of mathematical abstraction and symbolism" 
• "model real world phenomena with a variety of functions" 
• "represent and analyze relationships using tables, verbal rules, equations and 
graphs" 
• "analyze the effects of parameter changes on the graphs of functions". 
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Tliese standards represent a shift in focus in the teaching about functions from performing algebraic 
manipulations on functions to more interpretive skills such as being able to model a situation with a 
function, or being able to translate between different representations of a function. 
With this shift in emphasis in the teaching of functions comes the need to determine how 
these new goals can be met. The research reported here investigated the use of the computer in 
developing the type of understanding of functions called for in the NCTM standards. Specifically, 
the use of computational science projects in developing students' understanding of cm iterative 
function and their ability to use variables to model that function was investigated. 
Computers and functions 
The computer can be used to support this type of treatment of functions in a variety of ways. 
Several studies have demonstrated that spreadsheet and graphing software can be an effective tool in 
the study of functions because of their ability to quickly create and easily modify a graphical 
representation of a function (Magidson, 1992; Dugdale, 1990; Schwarz, Dreyfus, & Bruckheimer, 
1990). A second way in which the computer has been used to support the study of functions is in the 
use of programming to teach about variables. The connection between programming and 
understanding variables is illustrated in a study by McCoy (1988) which found that the level of a 
students' programming experience was significantly correlated with their general skill will variables. 
Several studies have shown that programming can be used to improve students ability to work with 
and understand variables mathematically (McCoy & Burton, 1988; Oprea, 1988; Mayer, Dyck & 
Vilberg, 1986). Other studies, however, have not shown that a programming experience significantly 
affected a students' understanding of and ability to use variables in a mathematical situation (Blume 
& Sheen, 1988; Kurland, Pea, Clement, & Mawby, 1986). 
One possible explanation for the mixed results in the research comes from situated cognition 
theory. This theory of learning proposes that knowledge is fundamentally situated within the 
context in which it is learned, and so learning should be embedded within authentic situations that 
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illustrate how the knowledge is used and applied outside the classroom (Brown, Collins, & Duguid, 
1989). An implication of this theory is that a student may learn a concept in one situation, but may 
not be able to apply that concept in a different situation. This may be a reason why students in some 
studies did not improve in their understanding of variables in a mathematical situation after a 
programming experience. Their knowledge of variables was situated within the programming 
environment, and did not transfer to the mathematical situation where tlie knowledge of variables 
was to be used. Four studies provide evidence tliat this might be the case (Adner, 1990; McCoy, 1989; 
Soloway, Lockliead, & Clement, 1982). In each of these studies students were asked to develop 
computer programs or algebraic equations to answer a word problem, or they Vv'ere asked to interpret 
computer programs or algebraic expressions. The results of each of these studies indicated that 
students worked with and understood variables better in a programming situation than in a 
mathematical situation. These results do not suggest that programming should not be used as a tool 
to teach about variables. Quite the contrary, they indicate that programming can effectively improve 
students understanding of variables. That understanding, however, needs to be transferred from the 
programming context to situations where variables are used mathematically. 
Computational science and programming problems 
Situated cognition theory suggests that, for students to be able to transfer knowledge of 
variables from a programming environment to situations requiring a mathematical use of variables, 
the environment in which students learn to program needs to be related to the situations in which 
students use variables mathematically. One possible way that this connection could be made is 
through the types of projects that students work on as they leam to program. Rather than assuming 
that any programming experience will improve a student's understanding of variables, carefully 
designed projects that explicitly connect variables in a program to a mathematical use of variables 
are needed. 
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One such type of project may be computational science problems. Tlie rapid growth in 
computing power over the last decade and the increased availability of high powered 
supercomputers have led to a new method of modeling and studying the world called computational 
science. A computational science problem involves the development of a tlieoretical mathematical 
model (i.e. on equation or function) of the real world which is programmed on the computer and then 
used for experimentation. Running the program generally creates large amounts of data that is 
difficult to analyze. This data is often put into a sophisticated graphing or visualization program 
which creates a graph or picture of the data (i.e. a graphical representation of the equation or 
function) that is easier to analyze than the data itself. The analysis of the results may lead to 
modifications to the model, changes to the program and more experimentation. Many of the models 
developed by researchers and scientists are so computationally intensive that they require the power 
of a supercomputer in order to get results in a reasonable amount of time. Examples of areas where 
computational science techniques are commonly applied are models of automobile designs which are 
experimented with to determine which design is "best", or in modeling weather patterns in order to 
investigate such things as how tornadoes are structured. 
Programs introducing computational science to high school and middle school students are 
beginning to appear (Berg, 1992). In each of these programs, students, or teams of students, identify 
an issue that they are interested in and would like to investigate. Tlie students must then research 
that issue and develop a mathematical model that can be programmed on the computer and used to 
study that issue. One such program is the Adventures in Supercomputing program funded by the 
Department of Energy (Honey, McMOlan, Tsikalas, & Grimaldi, 1994). This program, part of the 
federal government's initiative to provide high performance computing and communication tools in 
education, is designed to give students an opportunity to use the same supercomputers and high 
speed computer networks that scientists use in Department of Energy research laboratories. The 
central component of this program is computational science projects tliat individual students or 
teams of students complete, often with the assistance of a mentor. The work evaluating the 
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Adventures in Supercomputing project are just beginning, but initial results have been positive 
(Honey et al., 1994). 
Figure 1 presents a fairly simple computational science problem that students in the 
Adventures in Supercomputing program might investigate as a short term project. This problem 
could easily be investigated using computational science techniques without tlie power of a 
supercomputer. A relatively low powered microcomputer could easily perform the calculations 
required in this problem. The way that a student would approach this problem, however, would be 
similar to the approach taken by a scientist working on a more complex problem which requires the 
power of a supercomputer. 
An issue in timber management is the number of trees to cut each year and still 
maintain the forest. Once an area has been cut, reforestation generally takes 
place at a known rate depending on climate and soil conditions. For example, if 
2500 acres were cut and the reforestation rate for that area was 5%, then after one 
year 125 acres of forest will have grown back. A lumber company has 
commissioned you to study this problem using computational science 
techniques. They have 50,000 acres of forest that they harvest. It has been 
determined that the reforestation rate for that area is 6.25%. Your task is to study 
this problem and make a recommendation to the lumber company concerning 
how they should divide their land, and how many acres they could cut each year 
and still maintain the number of forested acres. 
Figure 1. A sample computational science problem 
A possible mathematical model underlying this problem is given in Figure 2. To study this problem 
using computational science techniques, the student would need to develop a program similar to the 
algorithm in Figure 3 that accurately represents the mathematical model. This algorithm tracks the 
number of acres of forest for 100 years for ten different cut amounts. The data from executing this 
program would likely be graphed using graphing software which the students would examine to 
determine which cut amounts produced the best results. This examination may lead to a 
modification of the program and more experimentation. 
76 
Ti = Ti-i - CA + (RR » CA) where 
Ti is the number of forested acres at the end of year i 
CA is the number of acres cut each year in acres 
RR is the reforestation rate for the area 
Figure 2. A mathematical model underlying the problem in Figure 1 
variables - initial acres of forest (lA), cut amounts (CA[10]), reforestation rate 
(RR), number of acres of forest left each year (Acres[10,100] 
Set CA to be [500,600,..., 1400] 
TA = 50000 
RR = 5% 
Loop, i=l to 10 * For each cut amount simulate what happens 
Loop, j=l to 100 * for 100 years 
Acres[i,j] = Acres[i,j-1] - CA[i] + (RR*CA[i]) 
end loop 
end loop 
Output the results 
Figure 3. An algorithm for a program that could be used to study the problem in 
Figure 1 
In this type of project students are not programming for programming's sake. Instead the 
programming is situated within a broader context of solving a mathematically related problem. 
During the process of investigating this problem, students work with a function in different 
representations and in the ways called for in the NCTM standards. This type of project may prove to 
be a useful tool for developing an understanding of function concepts in students. It is also possible 
that in such an acHvity the situated nature of variables is acknowledged and a connection is made 
between variables in a programming enviroriment and variables in a mathematical environment. 
However, little is known how to best structure computational science projects to facilitate an 
understanding of functions, and an ability to use variables in a mathematical sense. This research 
investigated students' understanding of an iterative function after completing a computational 
science project, students' ability to use variables mathematically after completing a computational 
science project, and whether students were able to transfer this understanding and skill to other. 
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similar problems. Included in the study was an investigation of how a student's mathematical ability 
or gender affected the results. A second study was done concurrently with this study. That study 
Investigated the process that a group of students went through as they completed a computational 
science project. Tlie results from that study are reported in Fyfe (1995), 
Method 
Sample 
Students from three small midwestem high schools participating in the Adventures in 
Supercomputing program formed the sample for this study. Two of the schools were very small rural 
schools with only 25 to 50 students in each grade. The third school was in a slightly larger 
community and had approximately 100 students in each class. As part of their participation in the 
Adventures in Supercomputing program, each school has developed a class dedicated to teaching 
computational science techniques. The first semester of this course in each school dealt with learning 
the tools of computational science (programming, visualizing data, mathematical modeling, etc.), and 
the second semester was spent working on an extended computational science project of the students 
choice. Students in these three Adventures in Supercomputing classes formed the experimental 
group for the study (N = 35). In addition, a math or computer class at each school taught by the same 
teacher that taught the Adventures in Supercomputing class was chosen, and the students in these 
classes formed the control group for the study (N = 38). Table 1 shows the distribution of the sample 
among the three schools. 
Table 1. Distribution of the sample by School 
Experimental Control Total 
School A 13 13 26 
School B 13 14 27 
School C 9 11 20 
Total 35 38 73 
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Students in both the experimental and control groups ranged from ninth through twelfth 
grade and exliibited a range of mathematical ability based on their scores on the Iowa Test of 
Educational Development (ITED). A median split among all the students involved in the study (both 
experimental and control groups) was used to place the students into a high ability group and a 
lower ability group. Half the students were categorized as high ability students while the otlier half 
were categorized as lower ability students. ITED scores were not available for three students in the 
experimental group and seven students in the control group. It should be noted that students in the 
lower ability group were not necessarily low in mathematical ability. They were simply lower in 
ability than the students in the high ability group. Table 2 shows the distribution of the sample 
according to mathematical ability. 
Table 2, Distribution of the sample by math ability 
Matli Ability 
Ex perimental Group Control Group 
ITED Score # in range Total ITED Score # in range Total 
High Ability 
33-36 4 
17 
33-36 1 
15 28-32 5 28-32 4 
23-27 8 23-27 10 
Lower 
Ability 
17-22 9 
15 
17-22 13 
16 12-16 3 12-16 2 
7-11 3 7-11 1 
Total 32 31 
As can be seen by examining Tables 1 and 2 the experimental and control groups had similar 
numbers of students, and also had similar number of high and lower math ability students. The 
experimental group had a few more students at either extreme of the scale, while the control group 
was slightly more clustered around the mean. Also, the control group had several more females tlian 
the experimental group. There were 11 females and 24 males in the experimental group versus 17 
and 21 respectively in the control group. 
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Procedure 
This study took place at the end of tlie school year, after students in the Adventures in 
Supercomputing classes had completed their extended computational science project. At tlie 
beginning of the study both the experimental and control group were given a pretest measuring their 
skill with variables, then the experimental group spent two weeks working on a small computational 
science project while the control group attended their math classes. Following the two weeks, both 
groups were given a post test also measuring their skill with variables. The project that the 
experimental group completed involved the problem given in Figure 1. Students were told that they 
were consultants asked by a lumber company to investigate this problem and make a 
recommendation on how many acres the lumber company should cut each year given that they had 
50,000 total acres and a reforestation rate of 2% and 8% (the students were to make a 
recommendation for each reforestation rate). The goal of the company was to cut as much as 
possible, but to still maintain the number of forested acres for a long period of time (i.e. the company 
did not want to cut so much that after ten years there was no forest left). Students worked in teams of 
three and four as they completed this project. The teacher presented the project to the entire class on 
the first day and then spent each day working with individual groups answering questions and 
providing guidance as they worked on the project. Generally, the help that the teacher gave was to 
clarify what the lumber company wanted the students to do, and to work through small examples 
with the students as they attempted to understand the problem. Very little instruction took place 
unless a group was completely off track. 
The mathematical model underlying this problem is an iterative function because the number 
of forested acres that remain each year is at least partially dependent on the number of forested acres 
at the end of the previous year (it is also dependent on the number of acres cut each year). The focus 
of the project, and the pre and post tests, was on students' understanding of the iterative 
mathematical model underlying the function involved in the project, and on their ability to use 
variables mathematically as they developed that model. Iteration was chosen as the topic to be 
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studied because it is an important concept to understand. Iteration forms the basis for many different 
functions and is a useful tool to use in the investigation of many computational science problems. It 
was also chosen as a topic because it was likely to be a topic that had not been covered in any of the 
students previous classes. In the experimental group, none of their previous work in the Adventures 
in Supercomputing classes had dealt with this type of problem, and in the control group, none of the 
math classes addressed iteration during the two weeks that the experimental group worked on their 
project. Although it was very possible that the students had not studied iteration before, it was felt 
that the concept was "within the students' grasp". It was a topic that students had the potential to 
understand, at least in part, in a two to three week period of time. 
Instruments and analysis 
Two tests, test form A and test form B, were developed to be used as the pre and post tests 
for this study. These tests were developed by the researcher in order to measure specific 
mathematical knowledge, the students' understanding of the iterative function underlying the project 
problem, and their ability to use variables to model that function. The iterative function tliat was 
studied in the project includes a growth rate that determines how fast the functions value increases 
and an amount that decreases the value of the function at each iteration. Figure 2 shows this 
fimction. An initial pool of test items was first developed. All the items in this pool included a 
growth rate and a decreasing amount. To ensure the validity of the test items, an appropriate level of 
difficulty and equality between pre and post test items, this set of test items was given to a group of 
high school students. The students' answers were examined to determine which items the students 
answered in a similar manner and which items the students did not answer correctly. This initial 
review helped to identify which problems were similar to each other and the project problem, and 
what characteristics of the problems made them similar. It was determined that the important 
characteristic of the problem was the way the growth rate was specified. The project problem gives 
the growth rate as a percentage, and test items that also included the growtli rate as a percentage 
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were identified as being very similar to the project problem. Other problems that specified the 
growth rate in a different manner were identified as being slightly different, and would require some 
amount of transfer of knowledge from the project problem to these problems. It was also decided, 
after this review, that a third type of problem that required more of a transfer of knowledge was 
needed. A characteristic of all of the items in the pool was that the value of the function was 
determined, in part, by the previous value for the function (i.e. ti = f(ti.i)). It was decided that 
problems in which the value of the function was determined by two previous values of the function, 
rather than just one, would require more of transfer of knowledge. Problems of this type were then 
added to the pool of items. This refined set of items was then given to another group of high school 
students. After this group of students answered the questions, the items were revised slightly, but 
the researchers were satisfied that they had an appropriate group of items that effectively measured 
the skills being investigated. 
With this review completed, the items were paired to form two tests, test form A and test 
form B. Each test consisted of three problems, one of each of the types of problems just discussed. 
Each question presented a verbal description of a situation and asked the students to write a series of 
equations that modeled the situation. In the first problem, the situation was almost identical to the 
project problem. The growth rate of the function was specified as a percentage, and the value of tlie 
function was determined by only the previous value of the function. Figure 4 presents question 1 of 
test form A. The only difference between this problem and the project problem is the object that is 
reproducing and the numbers that are given in the problem. This problem was used to determine if 
students developed a mathematical understanding of the iterative function involved in the project. 
The situation in the second problem varied slightly from the project problem. In this problem 
the object that was reproducing was different and the amount of reproduction each year was not 
specified as a percent. This problem was designed to investigate students ability to make a near 
transfer to a similar type of problem. Figure 5 presents question 2 of test form A. 
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A fruit farmer has determined that his strawberry patch reproduces at a rate of 8% 
each year. To keep the patch from becoming overgrown, the farmer removes some 
plants at the end of every year (the same number of plants are cut out each year). 
Assume that there are 1000 plants in the patch at the beginning of this year, and that 
the farmer cuts out 50 plants each year, to each of the questions below be sure to 
indicate what each of the variables in your equations represent. 
A) write an equation that represents the number of plants in the patch at the end 
of this year. 
B) write an equation that represents the number of plants in the patch at the end 
of next year. 
C) write an equation that represents the number of plants in the patch N years 
from now. 
Figure 4. Question 1 of test form A 
The root of the zebedia plant is being used in cancer research. Unfortunately this 
plant is very rare and reproduces slowly. Every zebedia plant produces two shoots 
each year. When these shoots are removed and planted they become new zebedia 
plcints. The research team plans to remove the shoots from all of the plants at the end 
of each year and plant them. They will then cut several of the existing plants to use 
in their research. 
For example, if the researchers had 100 plants at the beginning of a year, removed 
and planted their shoots at the end of the year and then cut 40 plants, they would 
have 260 plants at the end of the year. They would have 200 new plants from the 
new shoots, and 60 of the existing plants left. 
Assume that the researchers have 500 plants at the beginning of this year and that 
they cut 200 plants at the end of each year to use in their research, In each of the 
questions below be sure to indicate what each of the variables in your equations 
represent. 
A) write an equation that represents the number of plants that the cancer 
research team has at tlie end of this year. 
B) write an equation that represents the number of plants that the cancer research 
team has at the end of next year. 
C) write an equation that represents the number of plants that the cancer research 
team has N years from now. 
Figure 5. Question 2 of test form A. 
The third problem was also similar to the project problem in that there was some object 
reproducing over time, but it varied from the project problem in one significant way. In this problem 
the next value of the function was dependent on two previous values of the function, rather than just 
one. This problem was thought to represent a significant transfer of knowledge and understanding. 
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Figure 6 presents question 3 of test form A. As can be seen in Figures 4,5 and 6, in each problem the 
students were first asked to write an equation that represented the situation at a specific time (i.e. 
time 0 - the baseline or initial value of the function). Then they were asked to write an equation that 
represented the sihiation at the next time period, and finally they were asked to write a more general 
equation that modeled the situation at time N. 
A cancer researcher studying the reproduction of cancer cells has determined tliat in 
the first year, a single cancer cell will, on average, produce 3 new cancer cells. In the 
second year, however, each cell will produce 6 new cancer cells. After two years the 
cancer cells quit producing new cancer cells and will die. Assume that at the 
beginning there are 1000 cancer cells. In each of the questions below be sure to 
indicate what each of the variables in your equations represent. 
A.) Write an algebraic equation which represents the number of new cancer cells 
produced during the first year. 
B.) Write an algebraic expression which represents the number of new cancer 
cells produced during the second year. 
C.) Write an algebraic expression which represents the number of new cancer 
cells produced during the Nth year. 
Figure 6. Question 3 of test form A 
The students' answers to these problems were evaluated in two different ways. First, they 
were evaluated to determine the students level of understanding of the concept of an iterative 
function and second, they were evaluated to determine the students ability to use variables to model 
an iterative function. Originally, it had been planned to evaluate students ability to use variables 
only. However, as the instruments were developed and students' responses were studied it became 
clear that several students were able to express an understanding of iteration, but were not able to use 
variables to express that understanding. It was decided that both issues were important and should 
be investigated separately. To assess students' understanding of iterative functions, their answers 
were categorized into one of four possible levels. Table 3 surrunarizes the criteria for placing a 
student's answer at a certain level. 
The experimental and control groups were analyzed separately on each of the three 
questions. For each question, the Wilcoxon matched-pairs signed-rank test was used to determine if 
84 
there was a significant change within each group in the level that students' responces were rated at 
from the pre to the post test. Additionally, on question one of both the pre and post tests, the 
experimental group was compared to the control group using a Chi-Square test. 
Figures 7 and 8 show the responses of two students to question 1 of test form A (Figure 4). 
The response in Figure 7 was rated at level 2 because they correctly identified how many plants 
would be in tlie patch after one year and tliey used that result to find tlie number of plants at the end 
of year 2. They could not, however, generalize this result in the part C of the question. Multiplying 
the initial number of acres and the cut amount by N was a common attempt that students made as 
tliey answered part C. 
Table 3. Criteria for determining level of understanding of iterative functions 
LEVEL CRITERIA 
0 Student does not model the situation correctly at all 
1 Student correctly models tlie initial or baseline condition of the 
function, but cannot model the next step of the function correctly 
2 Student correctly models the initial condition, and is able to model 
the function at the next step, indicating that this value is dependent 
on the initial condition 
3 Student is able to generalize from steps 1 and 2 and correctly 
models the situation at time N, indicating that the value at N is 
dependent on tlie value at time N-1 
The response in Figure 8 was rated at level 1. They also correctly identified how many plants 
would be in the patch after one year. The fact that student multiplied 1000 by .08 rather than 1.08 as 
should have been done was ignored. This mistake was a common occurrence, and it was felt that it 
did not indicate a lack of understanding of iteration on the students part. The student did not, 
however, use their answer from part A in part B. In answering part B the student attempted to write 
a small program to find the result. Notice, however, that the program will find the same answer 
every time through the loop. Several students attempted to write programs in answer to the 
questions, especially on the post test. 
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Part A: Yi = (1000 n,08) - 50 
Part B; Y2 = (Yi • 1.08) - 50 
Part C; (N 1000) * (N* 1.08) - (N * 50) = number of plants N years from now 
Figure 7. One student's response to question 1 of test form A 
Part A: (1000* .08) - 50 
Part B; Do 10, j=l,2 K = Number of plants 
K = (1000*.08) - 50 j = counter variable 
10 Continue 
Part C; Do 10, j=l,N 
K = (1000 * .08) - 50 
10 Continue 
Figure 8. A second student's response to question 1 of test form A 
To assess students' ability to use variables to model an iterative function, their responses 
were again placed at one of four levels and the results for each question on the test were again 
analyzed using the Wilcoxon matched-pairs signed-rank test to determine if there was a significant 
difference in the level that students were rated at from the pre to the post test. The criteria for placing 
student's answers at a certain level are given in Table 4. The response in Figure 7 was rated at level 2 
because they correctly used a variable in the answer to part A, and then used that variable to find 
their answer in part B. They could not, however, generalize this and set a variable for the number of 
plants at time N-1 emd use that variable to find the number of plants at time N. The response in 
Figure 8 was rated at level 0 because the student did not use variables at all in answering part A, and 
used variables in a program for parts B and C. In this analysis, students who wrote a program, even 
if it was correct, were not given credit for correctly using variables because they used variables to 
write a program. The question being asked in this investigation was whether students could use 
variables mathematically. 
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Table 4. Criteria for determining level of ability with variables 
LEVEL CRITERIA 
0 Student does not use variables correctly at all. 
1 Student sets their initial value equal to a variable, 
but does not use this variable in the next step. 
2 Student sets their initial value equal to a variable, 
and uses that variable to in their model of the 
situation at time 2. 
3 Student is able to generalize from steps 1 and 2 and 
uses variables to indicate that the value at time N is 
dependent on the value at time N-L 
In order to check the reliability of the scoring, two raters evaluated the tests independently. It 
was found that their assignment of levels agreed 96% of the tinie. On responses where there was 
disagreement, tlie discrepency was due to a mistake in scoring by one of the raters, and the issue was 
quickly resolved. To control for a possible effect caused by the form of the test, tlie pre and post tests 
were counter-balanced. Schools B and C took form B of the test as the pre test and form A as the post 
test, while school A used form A for the pre test and form B for the post test. The results were then 
analyzed to see if students taking one form of the test as tlie pretest were more likely to show 
improvement in their scores then students taking the other form of the test as the pretest. It was 
thought that mathematical ability or gender might be a contributing factor in the results of this study. 
To control for their effect, these two factors were also included in the data analysis. 
Results 
Understanding of iteration 
Initially, the experimental group was compared to the control group on question one of the 
pre test. Table 5 shows this comparison. A Chi-Square test was used to determine if there was a 
significant difference between the two groups on the pre test, and none was found (in the Chi-Square 
analysis levels 2 and 3 were combined to eliminate cells with frequencies less than 5). As can be seen 
in Table 5, the two groups had similar numbers of stvidents rated at each level on the pretest. This 
provides further evidence that the groups were fairly equivalent at the beginning of the study. 
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Table 5. A comparison of the experimental and control 
groups on the pre test and tlie Chi-Square results 
Pre test level Experimental Control Chi-Square 
0 19 20 .128 
1 8 8 Probability 
2 7 9 .940 
3 1 1 DF 
Total 35 38 2 
Next, the experimental and control groups were analyzed separately to determine if there 
was a significant change in either group from the pre to the post test. The Wilcoxon matched-pairs 
signed-rank test was used to determine if there was a significant change in the level of student 
responses from the pre to the post test in each group. The Wilcoxon matched-pairs signed-rank test 
determines the difference between the pretest score and the post test score for each student. The 
difference scores are then given a positive or negative rank, and the positive and negative ranks are 
summed. The test statistic, Z, is computed from tlie positive and negative rank sums (SPSS, 1990). 
Table 6 shows the number of students that remained at the same level or changed levels from the pre 
to the post test on question one for both the experimental and control groups, and gives the Z value 
resulting from the Wilcoxon matched-pairs signed-rank test. Recall that question 1 was used to 
determine the level of change in students understanding of the iterahve function involved in the 
project from the pre to the post test. Questions 2 and 3 were used to determine the students' ability to 
transfer tliat understanding to similar types of problems. 
The Z value of -3.1919 for the experimental group was significant at the .01 level indicating a 
change in the level of student responses from the pretest to the post test. A survey of Table 6 
indicates that over half of the student responses were rated at level 0 on the pre test, but many of 
these students moved to level 1 and 2 on the post test, and a few moved to level 3. Table 6 also shows 
that there was some change in tlie control group from the pre to the post test. As can be seen in Table 
6, several students in the control group also moved from level 0 on the pre test to levels 1 and 2 on the 
post test. This change was not significant at the .01 level, however (in the Chi-Square analysis levels 0 
88 
and 1 were combined, and levels 2 and 3 were combined to eliminate cells with frequency less than 
5). To further investigate the changes that ocurred in both the experimental and control groups, the 
two groups were compared directly to each other on the post test using a Chi-Square test. Only the 
students that changed levels from the pre to the post test were used in this comparison. Table 7 
shows this comparison and the resulting Chi-Square statistic. Table 7 does indicate a difference 
between the two groups on the post test. More students moved to level 2 and 3 in the experimental 
group, while in the control group a majority of students moved only to level 1. This difference was 
not significant at the .01 level, however. 
Table 6. Responses on question 1 and the Wilcoxon matched-pairs signed-rank test results 
1 Post test Level 
Experimental Group 0 1 2 3 Total 
0 7 4 5 3 19 Z value 
Pretest 1 0 5 3 0 8 -3.1919 
Level 2 0 3 2 2 7 Probability 
3 0 0 0 1 1 .0014 
Total 7 12 10 6 35 
Posttest Level 
Control Group 0 1 2 3 Total 
0 8 9 3 0 20 Z value 
Pretest 1 2 2 3 1 8 -2.5353 
Level 2 1 0 8 0 9 Probability 
3 0 0 0 1 1 .0112 
Total 11 11 14 2 38 
Table 7. A comparison of the experimental and control 
groups on the post test and the Chi-Square results 
Pre test level Experimental Control Chi-Square 
0 0 3 3.09 
1 7 9 Probability 
2 8 6 .079 
3 5 1 DF 
Total 20 19 1 
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Both math ability and gender did have an effect on tlie results. At the .01 level, a significant 
effect was found for the high ability group, but not the lower ability group. Also, a significant effect 
was found for males, but not for females. Tables 8 and 9 present the results on question 1 for both the 
high and lower ability math groups and for males and females in the experimental group. 
Table 8. Experimental group's responses on question 1 by math ability and the Wilcoxon 
matched-pairs signed-rank test results 
Post test Level 
high math ability 0 1 2 3 Total 
0 0 3 4 0 7 Z value 
Pretest 1 0 5 3 0 8 -2.7064 
Level 2 0 1 0 1 2 Probabilitv 
3 0 0 0 0 0 .0068 
Total 0 9 7 1 17 
Post test Level 
lower math ability 0 1 2 3 Total 
0 6 1 1 3 11 Z value 
Pretest 1 0 0 0 0 0 -1.6903 
Level 2 0 2 2 0 4 Probability 
3 0 0 0 0 0 .091 
Total 6 3 3 3 15 
Table 9. Experimental group's responses on question 1 by gender and the Wilcoxon 
matched-pairs signed-rank test results 
Post test Level 
males 0 1 2 3 Total 
0 5 2 3 3 13 Z value 
Pretest 1 0 2 3 0 5 -2.8398 
Level 2 0 2 1 2 5 Probabilitv 
3 0 0 0 1 1 .0045 
Total 5 6 7 6 24 
Post test Level 
females 0 1 2 3 Total 
0 2 2 2 0 6 Z value 
Pretest 1 0 3 0 0 3 -1.4382 
Level 2 0 1 1 0 2 Probability 
3 0 0 0 0 0 .1380 
Total 2 6 3 0 11 
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It was found that there was a difference between the forms of the tests. There was a 
significant effect for students taking form B as the pre test and form A as the post test, but there was 
not a significant effect for the students taking form A as the pre test and form B as the post test. It is 
possible that form A of the test was an easier version than form B, and this difference may have 
caused the significant results in the experimental group. Only school A took form A for tlie pre test, 
while schools B and C used form B for the pre test, however. It is possible that some difference 
between school A and the other two schools caused the differences in the results. One difference that 
existed between the schools was tliat a great majority of the students in the experimental group at 
school A were in the lower math ability group. Of the 13 students at school A, only 1 was in the high 
ability group while 9 students were in the lower ability group (ITED scores were not available for 3 
students at this school and were not included in the math ability grouping). Tlie other schools had a 
much greater percentage of high math ability students. Of the 22 students at the two schools using 
form B as the pretest, 16 were high math ability students and 6 were lower ability students. Table 10 
presents the results on question 1 for the experimental group grouped by the form of the test that was 
taken as the pretest. 
Table 10. Results on question 1 grouped by pretest form, and the results of the Wilcoxon 
matched-pairs signed-rank test 
Post test Level 
Form A as pretest 0 1 2 3 Total 
0 6 1 0 2 9 Z value 
Pretest 1 0 1 0 0 1 -1.8257 
Level 2 0 0 1 1 2 Probability 
3 0 0 0 1 1 .0679 
Total 6 2 1 4 13 
Post test Level 
Form B as pretest 0 1 2 3 Total 
0 1 3 5 1 10 Z value 
Pretest 1 0 4 3 0 7 -2.663 
Level 2 0 3 1 1 5 Probability 
3 0 0 0 0 0 .0077 
Total 1 10 9 2 22 
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Transfer. Questions 2 and 3 were used to investigate wiiether students were able to transfer 
their knowledge and skills to other, similar problems. Question 2 was very similar to the project 
problem with only a minor difference. Table 11 presents the results of question 2 on the pre and post 
test. Once again there was a significant difference in the level of students' responses from the pre to 
the post test at tlie .01 level. This significant difference did not occur in the control group. This 
indicates that students were able to transfer the knowledge and skills learned and practiced in the 
project to a similar type of problem. Unlike question one, the high math ability group was not more 
likely to make this transfer than the lower ability group. Gender, however still had an effect on the 
results. A significant effect was found for males, but not for females 
The results on question 3, shown in Table 12, indicate some change from the pre to the post 
test. However, this change was not significant. Also, a significant change for either math ability 
group or either gender was not found. 
Table 11. Experimental group's responses on question 2, and the results of the Wilcoxon 
matched-pairs signed-rank test 
Post test Level 
0 1 2 3 Total 
0 4 1 4 1 10 Z value 
Pretest 1 0 3 4 0 7 -2.8090 
Level 2 0 3 10 5 18 Probability 
3 0 0 0 0 0 .0050 
Total 4 7 18 6 35 
Table 12. Experimental group's responses on question 3, and the results of the Wilcoxon 
matched-pairs signed-rank test 
Post test Level 
0 1 2 3 Total 
0 5 1 1 0 7 Z Vcilue 
Pretest 1 4 16 6 0 26 -1.767 
Level 2 0 0 2 0 2 Probability 
3 0 0 0 0 0 .2393 
Total 9 17 9 0 35 
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Ability to use variables 
Although the test questions specifically asked for students to write an equation and to specify 
what the variables they used stood for, many students still responded with verbal descriptions and 
partial equations. This led to breaking the scoring and analysis into two parts as mentioned earlier. 
First, the three questions were evaluated to determine if tlie student demonstrated an understanding 
of the iterative function involved in the project. The results of that analysis were just presented. 
Second, the three questions were evaluated to determine how well students were able to use variables 
to model the function given in the problem. The focus of this analysis was to investigate whether 
students were able to transfer tlieir knowledge of variables in the programming environment to a 
problem requiring a mathematical use of variables. The results of this analysis were quite different 
from the previous results. As can be seen in Table 13, there was little change from the pre test to tlie 
post test. 
Table 13. Experimental group's responses on question 1 when evaluated for ability to 
use variables 
Post test Level 
0 1 2 3 Total 
0 12 6 3 0 21 Z value 
Pretest 1 1 8 1 0 10 -2.1658 
Level 2 0 2 1 1 4 Probabilitv 
3 0 0 0 0 0 .0303 
Total 13 16 5 1 35 
A majority of the students remained at the same level on the post test that they were on the pre test. 
Neither was there a significant effect for either of the math ability groups or for males or females. 
Since no significant change occurred on question 1, it would have been surprising if a significant 
change was found on questions 2 or 3, and none was found. Indeed, if there had been a significant 
change on questions 2 or 3 it would have been difficult to explain. 
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Discussion 
Understanding of iteration 
TTiis study found tliat students in tlie experimental group showed significant improvement in 
their understanding of the iterative function underlying the project problem. It also found a 
difference between the experimental and control groups on the post test. Tliis difference, however, 
was not significant. So, while the results of this study do provide some evidence tliat computational 
science projects can be used to improve a students imderstanding of functions, they also indicate that 
there is still much to be learned about using these projects in a mathematics classroom. Other results 
from this study showed areas where students did not improve in their understanding as much as 
possible, or did not improve at all. 
While the experimental group had more students move to level 3 and a full understanding of 
the function then the control group, it was a fairly small number. Very few students moved to a full 
understanding of the function. However, due to the relatively short period of time devoted to the 
treatment (two weeks), and the large number of students beginning from level 0 (little to no 
understanding of the function), it should not have been expected that a large number of students 
would move to a full understanding. Of some concern, however, should be the gender differences 
that occurred with males being more likely than females to show some improvement in 
understanding. These results are in contrast to the results found in the assessment of the Adventures 
in Supercomputing program (Honey, McMillan, Tsikalas, & Grimaldi, 1994). That assessments found 
no evidence of a gap in achievement between males and females as students completed long term 
computational science projects. One reason for the gender difference that occurred in this study may 
have been discovered in the study that was done in parallel to this study (Fyfe, 1995). In that study, 
one group of four students (two males and two females) was observed as they worked on the project 
for this study. This observation showed that the two males dominated the work on the project. If tliis 
was a common occurrence throughout the entire sample then a gender difference should be expected. 
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The fact that not all students participated fully in the project may also be an explanation for 
the differences that occured based on mathematical ability. The results showed that higher ability 
students were more likely to improve in tlieir understanding of the function than students in the 
lower ability math group. However, students did not work in groups based on mathematical ability 
(high ability students were likely to be mixed with students from the lower ability group). It could 
probably be expected that a group member high in mathematical ability could dominate the work on 
the project, and that a group member who is lower in ability would simply follow along as the other 
member worked on the project. 
The differences that occurred between the forms of the test indicate that other factors 
besides the computational science project may have contributed to the significant results. It may have 
been that one form of the test was easier than the other. If students took this form as the post test 
tlien that may have contributed to the results. It is also possible, however, that some difference 
between the schools, or between the students in the schools, may have caused tlie differences 
between the forms of the test. As mentioned earlier, only school A took form A for the pre test, while 
schools B and C used form B for the pre test, and at school A a majority of the students were lower 
math ability students. Therefore, it is possible that some difference between school A and the other 
two schools, such as a difference in the math abilities of the students at each school, caused the 
differences in the results. This is a weaki^ess in the design of this study in that it did not isolate where 
this effect occurred. 
Transfer. This study also found that students were able to make a near transfer to very 
similar problems (question 2 on the test). It did not find that students were able to make a far transfer 
(question 3). Question 3 was quite different from the first two questions, and so it was expected that 
it would be more difficult for students to transfer their understanding to this type of problem. It 
appears that one project, with relatively little instruction involved, was not enough to allow for this 
transfer to occur. 
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Ability to use variables 
This study did not find that students improved in their ability to use variables to model this 
iterative function. While the earlier results demonstrated that students gained in understanding after 
completing the project, they also indicated that a great majority of the students still lacked a 
complete understanding of iteration (look at the small number of students at level 3 on question 1 of 
the post test in the first analysis). It seems plausible to believe that students need to have a better 
understanding of iteration before connecting the use of variables in their program to variables in a 
mathematical equation, Also, the observation of one group of students as they completed the project 
(Fyfe, 1995) revealed that that group of students never worked with an algebraic representation of the 
function. Tliey never related the variables in their program to variables in an algebraic equation 
which is believed to be a key component in getting students to transfer their knowledge of variables 
from the programming environment to a mathematical or algebraic environment. If this was a 
common occurrence in most groups then it should not be expected that students would be able to 
transfer their knowledge from the project to problems requiring a mathematical use of variables. 
Summary and conclusion 
New approaches to the teaching of functions are currently being suggested (Kieran, 1993; 
Moschkovich, Schoenfeld, & Arcavi, 1993; Romberg, Carpenter, & Fennema, 1993; NCTM, 1989). The 
computer has the potential to be used in these new approaches in a variety of ways. Computational 
science projects, for example, may prove to be an effective tool in helping students develop an 
understanding of functions and the role of variables in a function. The results of this study provide 
some evidence to support this claim, but more work is needed. 
This study investigated students understanding of an iterative function before and after 
completing a computational science project. It was found that students did improve in their 
understanding after completing the project, and they were able to transfer this understanding to a 
similar type of problem. Of some concern, however, is the fact that this improvement occurred in 
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males, but not in females. Tliis study also investigated students' ability to use variables to model an 
iterative function after completing a computational science project. It was not found in this study that 
students improved in this area after completing the computational science project. It has been 
documented that students appear to understand variables better in a programming situation than in a 
mathematical situation (Adner, 1990; McCoy, 1989; Soloway, Lockhead, & Clement, 1982), but it was 
thought that this type of project would provide a comiection for the students between the two 
situations. It is still believed that this type of project can be a useful vehicle for connecting variables 
in programming and variables in mathematics, however, additional work is needed investigating 
how this can be done. 
Computational science projects appear to provide a rich environment for a study of functions. 
The results of this study provide some support for this claim, but they also indicate that there is much 
to be learned about the application of these types of projects in a mathematics classroom. 
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CONCLUSION 
The National Council of Teachers of Mathematics Curriculum and Evaluation Standards 
(NCTM, 1989) changed the focus of mathematics education in many ways. The task now is to find 
learning environments and instructional techniques that work toward the goals set in those 
standards. One important goal in the standards is that students be able to apply the math tliey learn 
in the classroom in their everyday lives. Situated cognition theory (Brown, Collins, & Duguid, 1989) 
proposes that, for this goal to be met, the situations in the mathematics classroom where 
mathematical concepts are learned need to be related to the situations outside the classroom where 
those concepts will be applied. Students need to be given an opportunity to apply mathematical 
concepts in authentic situations that illustrate how math can be used in their everyday lives. One 
specific area of mathematics where significant changes are proposed is in the teaching of functions. 
The NCTM standards and others (Moschkovich, Schoenfeld, & Arcavi, 1993; Kieran, 1993) propose a 
treatment of functions that goes beyond basic algebraic manipulations of a symbolic representation of 
a function, and has students working with a function in several different representations including 
equations, tables, and graphs among others. 
A review of recent research revealed that the computer can be used to support this type of 
treatment of functions in a variety of ways. Spreadsheet and graphing software, for example, 
provides a quick method for creating and modifying a graphical representation of a function. The 
student no longer has to spend large amounts of time on the tedious task of creating graphs imd can 
now spend their time manipulating the function and making interpretations of the graphs of a 
function. Several studies have demonstrated that this type of software can be an effective tool in a 
study of functions that is consistent with the NCTM standards (Magidson, 1992; Dugdale, 1990; 
Schwarz, Dreyfus, & Bruckheimer, 1990). A second way that the computer can support the teaching 
of functions is through computational science projects. In these projects, students use programming, 
computer networks, and graphing software as tools to aid in the investigation of a mathematically 
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related problem. Students are generally modeling some phenomena with an algebraic equation, 
programming that model on the computer, and then using that program to experiment with the 
model and investigate the problem. The graphing software is used to display data from the program 
and computer networks provide access to information related to the problem. In these projects 
students can work with several different representations of a function in ways that are consistent with 
the goals of the NCTM standards. Also, as they work on these projects, students are often 
investigating a real problem providing an opportunity for students to apply their knowledge of 
functions in an autlientic way. 
This research investigated the use of computational science projects in developing students 
understanding of functions. Two concurrent studies took place as a group of students completed a 
computational science project. The first study investigated if students improved in their 
understanding of the specific function involved in the project and in their ability to use variables to 
model that function. It also investigated if students were able to transfer that understanding and 
ability to other, similar types of problems, and whether gender or math ability affected the results. 
This study found that students did improve in their understanding of the function being studied and 
that they were able to transfer that understanding to a problem involving a similar function. 
However, math ability and gender did affect the results. Higher ability students were more likely to 
show improvement than students lower in mathematical ability, and males were more likely to show 
improvement than females. A possible reason for these differences may have been that tlie structure 
of the project allowed these groups to dominate the work on the project. The NCTM standards 
provide a set of goals for all students, not just high ability students or males. If computational science 
projects are to be effective, then they must be structured to allow all students in the problem solving 
group participate in the project. The study did not find that students improved in their ability to use 
variables to model an iterative function with an algebraic equation. Previous research has shown that 
students understand variables better in a progranruning envirorunent than in a mathematical 
environment (Adner, 1990; McCoy, 1989; Soloway, Lockhead, & Clement, 1982). It was tliought that a 
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computational science project could be a bridge for students to connect variables in a program and 
variables in a mathematical equation. The results of this study indicate that students did not make 
this connection, and so more work is needed in this area. 
The second study examined the process that one group of students completed as they 
worked on a computational science project. One group of students that was involved in the first 
study was observed daily as they completed the project. Their work on the project was then analyzed 
to see how effective they were in investigating the problem and to develop an understanding of the 
process that one group of students went through as they completed a computational science project. 
In this study it was observed that students spent a great deal of time working with and applying 
several mathematical processes related to functions and mathematical modeling as they developed a 
model of the problem they were investigating. The students, however, did not have much experience 
with these types of processes, and it did not appear that the group developed a complete 
understanding of how to appropriately apply many of the processes they were using. When students 
are working in complex environments such as a computational science project they are likely to 
require scaffolding and supports to assist them as they deal with new and unfamiliar concepts 
(Young, 1993; Collins, Brown, & Newman, 1989). The group of students observed for tliis study did 
not appear to have the necessary supports as they worked on the project. A possible support that 
may be used in a computational science project to help students focus on the different processes they 
should be learning are problem solving reflection boards (Brown & Campione, 1990). These boards 
are meant to force students into reflecting on the steps they take as they solve a mathematical 
problem, and examining the effectiveness of those steps. The discussions between group members 
that these boards generate may also be useful in involving all members in the problem solving 
process. Work is needed investigating the use of these types of boards and other types of supports 
that may be effective in helping students focus on the important aspects of the project. 
Computational science projects appear to provide a rich environment for the exploration of 
functions and their application in the real world. The results of the two studies presented here 
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provide some evidence for this. However, there is much still to be learned about tine application of 
this tool in a mathematics classroom. 
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APPENDIX A: 
TEST FORM A AND B 
Tliis appendix contains test form A and test form B 
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NAME. 
ID 
Test Form A 
Directions: Some or all of the questions in the test may be too difficult for you to complete. Don't 
worry about that! This test will not affect your grade for this class in any way! Your scores will be 
kept completely confidential. 
Tliere are tliree problems in this test. Each problem consists of three parts. Be sure to answer each 
part. For each question the equation you use is more important than any final answer you give. Be 
sure to indicate what each of the variables in your equations represent. 
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Problem 1 
A fruit farmer has determined that his strawberry patch reproduces at a rate of 8% each 
year. To keep the patch from becoming overgrown, the farmer removes some plants at 
the end of every year (the same number of plants are cut out each year). Assume that 
there are 1000 plants in the patch at the beginning of tliis year, and that the farmer cuts 
out 50 plants each year. In each of the questions below be sure to indicate what each of 
the variables in your equations represent. 
A) write an equation that represents the number of plants in the patch at the end of 
this year. 
B) write an equation that represents the number of plants in the patch at the end of 
next year. 
C) write an equation that represents the number of plants in the patch N years from 
now. 
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Problem 2 
The root of the zebedia plant is being used in cancer research. Unfortunately this plant 
is very rare and reproduces slowly. Every zebedia plant produces two shoots each year. 
When these shoots are removed and planted they become new zebedia plants. The 
research team plans to remove the shoots from all of the plants at the end of each year 
and plant them. They will then cut several of the existing plants to use in their research. 
For example, if tlie researchers had 100 plants at the begirming of a year, removed and 
planted their shoots at the end of the year and then cut 40 plants, they would have 260 
plants at the end of the year. They would have 200 new plants from the new - iioots, and 
60 of the existing plants left. 
Assume that the researchers have 500 plants at the beginning of this year and that they 
cut 200 plants at the end of each year to use in their research. In each of the questions 
below be sure to indicate what each of the variables in your equations represent. 
A) write an equation that represents tlie number of plants that the cancer research 
team has at the end of this year. 
B) write an equation that represents the number of plants that the cancer research 
team has at the end of next year. 
C) write an equation that represents the number of plants that the cancer research 
team has N years from now. 
I l l  
Problem 3 
A cancer reasearcher studying the reproduction of cancer cells has determined that in 
the first year, a smgle cancer cell will, on average, produce 3 new cancer cells. In the 
second year, however, each cell will produce 6 new cancer cells. After two years the 
cancer cells quit producing new cancer cells and will die. Assume that at the 
beginning there are 1000 cancer cells. In each of tlie questions below be sure to 
indicate what each of the variables in your equations represent. 
A.) Write an algebraic equation which represents the number of new cancer cells 
produced during the first year. 
B.) Write an algebraic expression which represents the number of new cancer cells 
produced during the second year. 
C.) Write an algebraic expression which represents the number of new cancer cells 
produced during the Nth year. 
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NAME. 
ID 
Test Form B 
Directions; Some or all of the questions in the test may be too difficult for you to complete. Don't 
worry about that! This test will not affect your grade for this class in any way! Your scores will be 
kept completely confidential. 
There are three problems in this test. Each problem consists of three parts. Be sure to answer each 
part. For each question the equation you use is more important than any final answer you give. Be 
sure to indicate what each of the variables in your equations represent. 
113 
Problem 1 
After last spring's flooding, the Army Corps of Engineers carefully studied the water 
flowing into and out of the Pecumpsi dam. They have determined that water flowing 
into the dam increases the volume of water of the dam by 6% every hour. To compensate 
for this, water is released from the dam at the end of every hour. Assume there is 
currently 10,000 cubic feet of water in the dam, and that 500 cubic feet of water is released 
at the end of every hour. In each of the questions below be sure to indicate what each of 
the variables in your equations represent. 
A) write an equation that represents the amount of water in the dam at the end of this 
hour. 
B) write an equation that represents the amount of water in the dam at the end of the 
next hour. 
C) write an equation that represents the amount of water in the dam N hours from 
now. 
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Problem 2 
The deer population at Wapsicunte National Park has been growing at an extremely 
fast rate. The National Parks department has determined that the population of deer 
in the park doubles every year, and they are concerned that the population will soon 
be too great for the size of the park. Tliey have decided that at the end of every year 
they will capture some deer and move them to a new location away from the park. 
If there were 100 deer in tlie park at the beginning of this year and 50 deer are to be 
moved, tlien at the end of the year there would be 150 deer in the park, the 100 deer 
would double to 200, but 50 would be moved at the end of the year. 
Assume that there was 1000 deer in the park at the beginning of this year, and tliat 
200 deer will be moved every year. In each of the questions below be sure to indicate 
what each of the variables in your equations represent. 
A) write an equation that represents the size of the deer population at the end of this 
year. 
B) write an equation that represents the size of the deer population at the end of next 
year. 
C) write an equation that represents the size of the deer population N years from 
now. 
115 
Problem 3 
A computer hacker has developed a new computer virus. Once tlie virus infects a 
computer it is active for 3 months. In the first month a virus infects a computer the 
virus creates two more viruses which infect two other computers. In the second 
month the virus creates three more viruses which infect three other computers. In 
the third month the virus destroys the computers memory which also kills the virus. 
Assume that initially 25 computers are infected with the virus. In each of the 
questions below be sure to indicate what each of your variables represent. 
A.) Write an algebraic expression which represents the number of new computers 
infected by the virus in the first montli. 
B.) Write an algebraic expression which represents the number of new computers 
infected by the virus in the second month. 
C.) Write an algebraic expression which represents the number of new computers 
infected by the virus in the Nth month. 
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APPENCIX B: 
SUBJECT DATA 
This appendix contains the ratings of all the students' scores on each question of the pre and 
post test. It also gives demographic data about each subject including: gender, grade, school, and 
ITED math score. The abbreviations for each of the columns are as follows: 
SID: Subject ID number 
gn: gender (0=male, l=female) 
gd: grade (l=ninth, 2=tenth, 3=eleventh, 4=twelfth) 
sc: school (l=school A, 2=school B, 3=school C) 
fm: form taken as the pre test (l=form A for pretest, 2=form B for pretest) 
gp: group (l=experimental group, 2=control group) 
ms: ITED math score 
mg: mathematics ability group (l=lower ability group, 2=high ability group) 
Ipr: Score for question 1 on the pretest when rated for level of understanding 
Ipo: Score for question 1 on the post test when rated for level of understanding 
2pr: Score for question 2 on the pretest when rated for level of understanding 
2po: Score for question 2 on the post test when rated for level of understanding 
3pr: Score for question 3 on the pretest when rated for level of understanding 
3po: Score for question 3 on the post test when rated for level of understanding 
Ivr: Score for question 1 on the pretest when rated for ability to use variables 
2vr: Score for question 2 on the pretest when rated for ability to use variables 
3vr: Score for question 3 on the pretest when rated for ability to use variables 
Ivp: Score for question 1 on the post test when rated for ability to use variables 
2vp: Score for question 2 on the post test when rated for ability to use variables 
3vp: Score for question 3 on the post test when rated for ability to use variables 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
1 
1 
2 
0 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
1 
1 
1 
0 
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fm 8P ms mg Ipr Ipo 2pr 2pc 
1 1 0 0 0 0 
1 1 17 1 0 1 1 1 
1 1 15 1 0 3 2 3 
1 1 8 1 0 0 0 2 
1 1 7 1 0 0 0 0 
1 1 2 3 2 2 
1 1 14 1 2 2 2 2 
1 1 10 1 0 0 0 0 
1 1 22 1 0 3 2 3 
1 1 15 1 0 0 0 0 
1 1 24 2 1 1 0 2 
1 1 18 1 0 0 0 2 
1 1 3 3 2 2 
2 1 20 1 2 1 2 1 
2 1 22 1 0 3 2 3 
2 1 26 2 1 2 1 2 
2 1 29 2 1 1 1 2 
2 1 34 2 1 1 2 1 
2 1 25 2 1 1 2 3 
2 1 26 2 0 1 0 1 
2 1 29 2 1 2 2 2 
2 1 31 2 0 2 2 2 
2 1 19 1 0 2 2 2 
2 1 31 2 0 1 1 1 
2 1 21 1 2 2 0 2 
2 1 34 2 2 1 2 2 
2 1 36 2 1 2 1 2 
2 1 26 2 0 2 2 1 
2 1 21 1 0 0 2 2 
2 1 31 2 2 3 2 3 
2 1 22 1 2 1 0 3 
2 1 34 2 0 2 1 2 
2 1 23 2 0 1 2 2 
2 1 27 2 0 2 2 2 
2 1 23 2 1 1 1 1 
1 2 32 2 2 2 2 1 
1 2 24 2 2 2 2 1 
1 2 28 2 1 1 1 1 
1 2 32 2 2 2 2 2 
1 2 22 1 2 2 2 2 
1 2 24 2 3 3 3 3 
1 2 24 2 0 0 0 0 
1 2 27 2 2 2 2 2 
1 2 25 2 2 2 2 1 
1 2 19 1 0 1 0 0 
1 2 19 1 2 0 2 2 
1 2 19 1 0 2 3 2 
1 2 21 1 0 1 0 1 
3po Ivr 2vr 3vr Ivp 2vp 
0 0 0 0 0 0 
1 0 1 1 1 1 
0 0 1 1 1 1 
0 0 0 0 0 2 
0 0 0 0 0 0 
0 1 1 1 0 0 
0 1 0 1 2 2 
0 0 0 0 0 0 
1 0 1 1 0 0 
0 0 0 0 0 0 
1 1 0 1 1 2 
1 0 0 1 0 0 
0 2 2 1 1 1 
2 0 0 2 0 0 
1 0 1 0 1 0 
2 0 0 0 0 0 
1 1 1 0 1 1 
2 1 1 0 1 1 
2 1 2 0 1 1 
2 0 0 1 0 0 
1 1 0 1 1 1 
1 0 0 1 0 2 
1 2 2 1 2 2 
2 0 1 1 1 1 
1 1 0 1 1 1 
2 1 1 1 1 0 
2 0 0 1 1 
1 0 2 1 2 1 
1 0 2 1 0 1 
2 2 2 1 3 3 
1 2 0 1 1 1 
1 0 0 2 2 
1 0 2 1 1 0 
1 0 0 1 2 2 
1 1 1 0 1 1 
0 
1 
1 
1 
1 
3 
1 
1 
1 
0 
0 
1 
0 
3pr 
0 
1 
1 
0 
0 
1 
1 
0 
1 
0 
1 
1 
1 
2 
1 
2 
0 
1 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
0 
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NPCl 1 3 2 2 2 10 1 0 0 1 0 0 1 
NPC3 0 4 2 2 2 18 1 0 1 1 2 1 1 
NPC4 0 2 2 2 0 0 1 0 0 0 
NPC5 1 3 2 2 2 21 1 0 1 0 1 0 1 
NPC6 1 2 2 2 0 1 1 0 0 0 
NPC7 1 2 2 2 0 0 0 0 0 1 
NPC8 0 2 2 2 0 0 1 1 0 0 
NPC9 0 4 2 2 2 13 1 0 0 0 0 0 0 
NPCIO 0 3 2 2 2 19 1 1 0 1 1 1 1 
NPCll 1 3 2 2 2 20 1 0 2 3 1 1 1 
NPC12 0 2 2 2 2 21 1 0 0 0 0 0 0 
HCl 0 3 2 2 1 2 0 2 1 1 
HC2 1 3 3 2 2 25 2 1 2 1 2 0 1 
HC3 0 3 3 2 2 25 2 0 2 3 2 1 1 
HC4 0 3 3 2 2 26 2 0 1 2 1 1 1 
HC5 0 2 3 2 2 32 2 0 1 0 1 1 1 
HC7 3 2 2 0 1 1 1 0 1 
HC9 0 4 3 2 2 24 2 1 1 2 1 0 1 
HCIO 3 2 2 2 2 2 2 1 1 
HCll 1 2 3 2 2 33 2 1 3 3 3 0 1 
HC12 1 3 3 2 2 21 1 0 1 0 0 0 1 
HC13 1 3 3 2 2 13 1 0 0 2 1 0 0 
HC14 1 2 3 2 2 26 2 1 2 2 2 0 1 
HC15 0 4 3 2 2 17 1 1 0 1 1 1 1 
HC16 0 4 3 2 2 21 1 2 2 0 2 0 1 
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APPENDIX C: 
TRANSCRIPT OF GROUP'S WORK 
This appendix contains the transcript of one groups work on the project. The categorization of this 
transcript into problem solving episodes and functional representations is also given. Notes and 
observations made by the observer are given in []. Group members included two males, DZ and NI, 
and two females, BT and KH. 
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Transcript 
Monday, Week 1 
Pretest is given 
Tuesday, Week 1 
[The problem was handed out and all the groups read quickly through the problem. It appears that 
DZ is the head of the group and he seems to organize what is done. How much is tlie rest of the 
group paying attention? Do they understand what DZ is doing? As DZ reads through the problem 
he attempts to get clarification.] 
DZ; You want us to get as close to 50000 as possible? 
Teacher; Yes, what you need to do is determine what cut amount will keep the forest at close to 
50000 acres after 50 years. 
DZ; But if we use 2% increase we should always decrease by 2% 
Teacher: Not necessarily, you know that it is going to be close 2%, but it won't be exact. That is a 
good starting point you can play with cut amounts around that, 
DZ; Well, 3% will be about 1500 acres of 50000. 
Teacher; So thats a good place to start once you have your program written. Start with cut amounts 
of about that. 
DZ; Yeah 
[The group sits at the table and everyone seems to be reading through the problem again. They then 
divide up the project into different parts. DZ will do the program, KH and NI will do the graphs, 
and BT will write the report. The group then sits witliout talking much as DZ is doing some 
calculations on paper. ] 
/NONE 
BT; What are we doing right now? 
DZ; Just toying around with what cut off percentage we want to use. 
BT: So what are you trying to do? 
DZ: I am trying to find the cut off percentage. 
BT: Oh. 
[DZ seems to be taking a percentage and then finding out what happens if you cut that percentage 
for a few years. Why is he doing the work that the computer program could do just as easily? Also 
why is he cutting a percentage and not an amount?] 
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NI: We are suppose to use 2%? 
KH; And 8%, we are suppose to use both. 
DZ; Well, 8% is too high. 
NI; You're kidding. 
DZ; You want to have a little bit less than 2% to cut. 
[DZ has been continuing doing calculations as the rest of the group sits around occasionally looking 
at what he is doing and asking him questions, but more often talking among themselves. Do they 
really understand what DZ is doing?] 
BT; So you are trying to get that number down to what? 
DZ: Right to 1000 
[DZ continues with some more calculations on paper. Why all these calculations on paper? Can't 
the computer do this work?] 
NI; How was that? 
DZ; I think thats as close as we are going to get. 
BT: Looks pretty close. 
DZ; Yeah. 
[Tlie group looks at what DZ has calculated.] 
BT; So the forest is increasing at 2% so you want close to 2% cut? 
DZ; Right, close to 2%, but I don't know... 
NI; Thats close enough 
DZ; The closest we are going to get is probably this number right here. 
NI: Ok, lets use it. 
DZ; That actually 1.86% 
NI; Maybe we should go a little further so that it will be right over 50? 
BT: So what did we just find out? Is 1000 2% of what? Give me that sheet. 
[the paper DZ was calculating on] 
DZ; 1000 is a 2% increase, right? 
NI; Yeah. 
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DZ; So we can either use this or this [points to the paper] 
NI; This one's pretty close [pointing to the one they had just discussed previously] 
DZ continues to do some calculations as the rest of the group talk. 
BT; Now we have to do this again for 8% increase. 
NI: We have to do 8% increase too? 
KH: Are you getting any closer? 
DZ; No, I think that's close enough. 1.96078% 
NI: Now we have to write a program. 
DZ: We have to what, print out 50 years? 
KH: Yeah. 
NI: Do you want to work on 8% now? 
[Tlie group gets out a new sheet of paper and begins to work.] 
DZ: First we have to figure out what the percentage is. .8 would be about fifteen three, 1530 
probably... I mean 8% of 51000 is ... 
NI: I thought we were doing 54000? 
DZ: We're doing 54000? Lets try this, .075 * 54000 ... 
[At this point the teacher comes over to check on their progress. The teacher appears confused by 
their approach, and questions them about finding a percentage decrease when the problem calls for 
a specific number.] 
TEACHER: Is everything going ok here? So what are you guys doing? 
DZ: Trying to find the percentage decrease for 2% increase and 8% increase. 
TEACHER: So you are trying to find a number? 
DZ: Thats what will get us the closest. 
TEACHER: You aren't going to be able to find an exact number... 
DZ; Yeah, but thats the closest we could find. 
Teacher: So thats a good place in your program to start. Check that cut amount and see what 
happens over 50 years. 
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[The teacher moves on to another group after this excliange. It doesn't appear that anything was 
resolved in this discussion. The teacher does not seem to understfuid their approach, and ended the 
discussion before understanding what the shidents were doing. Once the teacher leaves, the group 
moves to a computer and begins writing their program] 
DZ: So what should we use for an equation now? 
DZ: [to teacher] Do we have to have it work for over 50 years or can we have the user input the 
number of years? 
TEACHER; You can do it that way if you want. In your examples you will need to show at least 50 
years. 
DZ; [to group] How do you want to do it? 
NI: I don't know, lets use Algebra... 
DZ; Well we have to have the starting number at 50000, so lets put x = 50000 
[types this in the computer] 
NI: You might want to put a comment 
DZ: We'll put what everything equals when we figure it out, and then we have to have... 
NI; What do we have to have? 
DZ; We are going to have something as being years... 
NI; Ask if they want 2% or 8% 
DZ; So we have to do what now, a do loop? x = 0 to what? x = 0 to y. 
NI: yeah, and inside we do what? 
DZ; Do we want to print them all out in one big list every year, or do we want to print them out 
after every time it goes through the loop? 
NI: Print everytime it goes through the loop. 
DZ; That way we don't have to use an array. 
NI: Whats wrong with an array? 
DZ: Notliing, I was just saying... 
KH; Don't we still need an array? 
DZ; No because we print out the results in the middle of our loop so... 
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BT; We want n = ... 
NI; How about n = ... 
KH: something 
NI: n = something wouldn't it be? 
DZ: Actually it would be just x is are starting number, x = x +.02(x) ...Thats 2% of x, we have to add 
it to get the increase. 
NI, KH, BT: Oh, yeah 
DZ: That will give us our increase for the next year. 
NI: Now we need the decrease... 
DZ: We have to do the decrease right after that. 
NI: Ok that would be x - the decrease 
DZ; X + ... we have to have another variable, which would be what? 
NI: a, a = X -... 
NI and DZ proceed to develop the equation 
NI: So that gives us the increase and the decrease [pointing to the equation] 
DZ: now print a 
[Tlie period ends and the group quits work on their program. They appear to be close to having a 
program written and are almost ready to test tlie program.] 
Wednesday, Week 1 
[At the beginning of the period the group returns to their work on the program. DZ begins the 
period by working on paper writing code to be added to the program emd changes to be made to what 
was typed in yesterday while the rest of the group chats. Just as DZ is finishing up, NI enters] 
NI: Okay, now I'm ready to work. 
DZ; Somebody go do this [holding the paper he has just written up] 
NI takes the paper from DZ and looks at it briefly 
NI: Go for it KH, go program [handing the paper to KH] 
KH: Huh? [taking the paper from NI] 
NI; Go type tliat in 
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[The entire group moves to the computer. DZ sits down at the computer and begins to type in tiie 
additions and changes to the program. This takes several minutes.] 
NI: We have finished our program [speaking into the tape] 
DZ starts to compile the program 
DZ: Its taking a while to compile 
NI: Yeah 
4>f(f >t>f 4* »m-*>nnt*Ygj^jpj(2ATION /ALGORITHMIC'*'**'*"*"'"*"*"*''"*'**"*'*"'*"^'"'^****'*"*"*'*'* 
[The program compiles cleanly (no errors) and tlie group is now ready to run their program] 
BT: What are the negative numbers? 
KH: What are all these numbers? 
DZ stares at the output on the screen. He proceeds to go back to the program and makes some 
changes to the program. 
NI: What did you change? 
DZ: There was a nine before that [pointing at the screen] 
NI: Oh. That could possibly be the problem. 
[They compile the program again and run it] 
NI; We're still getting negatives 
DZ: Yeah and they are way off too 
[Tlie group looks at the program on the screen. DZ makes some changes and the group looks over a 
particular part of the program.] 
DZ: I know I have to do a while to do 2 and 8 
[What does that have to do with the problem of negative numbers?] 
NI: Yeah 
[As DZ works on the program BT goes to the teacher to ask about tlie report] 
BT: So in the report do we just have to explain what we did? 
TEACHER: You need to explain what you did and make a recommendation to the company about 
how much lumber they can cut for each reforestation rate. 
[DZ finishes his work and begins to compile the program again] 
DZ: There is going to be something wrong with this, I know it 
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NI; So what are we printing out? a? 
[The data on the screen still looks off. Tliey are getting a lot of negative numbers. Tliey go back to 
the program and look at it once more.] 
NI: Between the 6 and the 7 put a 0. That might make a difference. 
NI: Lets see if it works... 
DZ: Should I change this? [pointing to the program] 
NI: Yeah, do that real quick. 
[DZ returns to the keyboard making another modification to the program 
Then they attempt to compile the program again.] 
NI; We have errors. 
DZ: One. 
DZ goes back into the program to correct the error 
NI: What was it? 
DZ: I forgot to put a dash there [pointing to the screen] 
[Compiles the program again. This time when it runs they don't get negative numbers] 
DZ: YES! 
NI: Well, it works... correctly ... now time to do 50 
• »»»»»•»»»»*•»» »»»!(•»»»* J ^ ^  QQ JJ(2 
[Now that they have a program that they believe works correctly, the group begins to investigate 
what cut percentage is best for a 2% reforestation rate. They begin with the cut percentage they 
had calculated on paper yesterday. Their program takes two inputs a cut percentage and a 
reforestation rate. The program is run and the group studies the output on the screen. The forest has 
grown smaller very quickly.] 
DZ: Lets make our numbers smaller 
KH: A lot smaller 
[The forest grew beyond the 50,000 acres over the 50 years. DZ runs the program again entering 
smaller numbers for both the cut percentage and the reforestation rate. This time the forest quickly 
grows beyond 50000 forrested acres] 
DZ; There's something wrong... see our numbers are way to high already 
[The program is run again and waits for new inputs.] 
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DZ: Should I try 200? 
NI: Yeah, put in 200. 
[200 is input as the cut percentage, and the output appears on the screen. The forest grew too small 
very quickly - leading to negative numbers being printed] 
BT: Woah, we are cutting waaaay to much... 
NI; Yeah, but we are closer... its consistent... did we forget to minus how much they are going to 
take out? 
DZ: No, its right there [pointing to the screen] 
[DZ runs the progreim again] 
NI: Does it work right? 
[NI assumes that because there were negative numbers that something might be wrong with the 
program. He does not think about the inputs.] 
DZ: I think I put our numbers in backwards (inputs to the program) 
DZ: What was our origninal number for this? (They are now back to the original numbers] 
KH: For the 8? (8%) 
DZ: 2 
KH: .0196078 
NI: P * X, whats P? .02? 
DZ; Thats the percentage 
DZ: This one's still way too high. 
[DZ runs the program again, giving a smaller cut percentage] 
DZ; That ones right at 5000 at the start. 
NI: Right at 5000 
DZ: But it keeps going up 1000 for each one, 1020 1040... 
NI: So we can cut out 5000 for each one. 
[DZ runs the program again giving an even smaller cut percentage] 
KH: Ouch 
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BT; It went up, its getting worse 
[DZ runs the program again] 
DZ; Lets just work with the a for now [only work with one of the inputs - the cut amount] 
NI; Put -1000 in [as input to the program] 
[DZ gives the input and the program prints the output on the screen] 
DZ; Aye! 
KH: DZ you are going the wrong way! 
BT; Its even worse 
DZ Runs the program again 
NI; Try.l 
KH; Well, it went down. 
NI; It went down. 
BT; Try like, .23 
DZ; Somehow... It can't be the same percentage every year. 
NI; Uhhuh 
DZ; We've got to increase the percentage every year. 
[DZ brings up the program and the group spends the last few minutes studying the code on the screen 
in silence. The group did not seem very systematic in their investigation of what cut percentage to 
use, and then assume that there is a problem with their program when they can't find a good 
number. Do they understand how this process should work?] 
ALGORITHMIC^ 
Thursday, Week 1 
Researcher is gone visiting other schools. The group spent the day modifying their program so that 
a different percent is cut every year. They end up adding 2% to the cut percentage every year. 
Friday, Weekl 
The group is continuing their investigation of what amount to cut for a certain reforestation rate. 
They begin the class by sitting at the computer, pulling up their program to look at it. 
BT; Is it right? Their's prints out the same number every time [referring to another groups program] 
NI; It can't work that way 
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DZ: What way? 
NI: It can't just print out 5000 every time because all they do is add the two perentages... 
DZ is malcing some changes to the program 
DZ: Oh Oh, whats this? 
NI; What the heck? 
KH: What is that? 
DZ: I don't know! 
When the program compiled they were given a warning message about duplicately defined 
variables 
NI; Just run it and see what happens 
They run the program 
DZ: Hey, we are getting somewhere, these numbers look closer. Something is still wrong though. If 
I put in 5 there it should go to 5 there right? 
NIandBT; Yeah 
DZ: But its not doing that 
NI: Usee = l 
DZ changes the program and runs it 
DZ; Why isn't it repeating? I haven't even done anything to that 
DZ runs the program again with different inputs 
DZ: Its not repeating! ... Its not repeating and I don't know why. 
BT: Ask the teacher, maybe he knows 
DZ: Does anyone know why this isn't repeating? 
NI: Huh... maybe because e does not equal anything up here [earlier in the program] 
NI: Do you have to set e earlier? 
DZ: I shouldn't have to 
DZ is running the program several times with several different inputs, trying to figure out why the 
program doesn't loop, 
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DZ: You know what, you guys should probably help [to the girls in the group] 
BT: I'm trying to watch 
KH: I am helping 
DZ: No you aren't 
BT: What are you doing? 
DZ; I'm trying to figure out why its not continuing. 
BT; And I don't have any ideas to tell you so how can I help you?... Print out the answers, I want to 
read them. 
DZ; They aren't any different then the screen 
BT; Thats ok 
DZ prints out a copy of the program and BT studies the program on paper 
BT; What number have you been putting in for the number of years? 
DZ; I have been putting in 5 
BT: For 5 years, so it should be printout 5 years? But it doesn't? 
DZ: Its printing out 1. 
BT; Well, do you have the number of acres here? [pointing to the paper] 
DZ; Thats the x 
BT: Thats what I thought 
DZ brings the program up on the screen and makes a change to it, then runs the program. 
DZ: Well thats stupid its the same thing. 
DZ goes back to the program 
DZ: Hey can you help me for a minute. Why isn't this continuing? [to the teacher] 
TEACHER; Why isn't it continuing? Do you get an error when you compile it, or when it runs? 
DZ compiles the program 
DZ: What does that mean? [pointing to the screen where a warning message has been printed on 
the screen] 
TEACHER: Multiply defined variables [reading the screen] Ok, now let me see your program 
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DZ brings tlie program up on thie screen 
TEACHER: Ok go to the top of the program [DZ scrolls up to tine top of the program] Is this the 
top? You don't have a PROGRAM statement. The first line is like PROGRAM... and I think that 
might be necessary. 
DZ types the line in as directed 
TEACHER: Ok, go down [DZ scrolls down]... Whats the WHILE loop? This While, comment that 
out [DZ comments out the lines of code] Now why do you think it has to do with the continue? 
DZ: Because when I run it... 
TEACHER: Ok, so it actually compiles, it just gives you that warning... 
DZ: Yeah, it will compile, but when I run it and you put in 5 here and go to here it should output the 
numbers, but it only outputs once. Its not continuing [DZ runs the program and demonstrates what 
happens as he talks] 
TEACHER; Ok, lets go back to your program [DZ brings the program back up on screen] Allright 
now tell me what the program is suppose to do. 
DZ; Whats it do? It takes ... it increases it by this [pointing out something on the screen] 
TEACHER: Ok, I see ... Is it ever printing this out? 
DZ; Yeah ... maybe it doesn't like both of these? I will make one different, does that make any 
difference? 
TEACHER: That shouldn't matter, but try it and see. 
[DZ changes the program and runs it] 
BT; If thats it... 
TEACHER; That shouldn't have been it. 
DZ: But it works 
TEACHER: I know, but that shouldn't have been the problem 
NI; It still goes up 1000 every year. We've got to fix that. 
KH; It started at 45? 
NI: Well we had an error that shouldn't be there 
DZ is going back to the program to fix the small error in the program 
KH; Figures it would be something weird... 
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NI: Thats why I don't like Fortran 
BT; Is that what we want? [to DZ who is working on the program] 
DZ; No 
DZ finislies the changes and runs tlie program 
DZ: Its still adding 1000 every year! 
DZ goes back to the program to look at it 
NI; Put a = x-1000 
DZ; After the print? [DZ types it in] 
DZ; Lets just try this... 
NI; How about it we switched these two? 
DZ; You mean do the decrease before the increase? But thats not the way we want it. 
NI: Yeah, I guess so. 
DZ; Lets make these numbers small 
Makes some changes to the program, then compiles and runs the program 
NI: Shouldn't you have 50 numbers? [for output, the program only printed 5] 
BT: He's not printing 50 numbers 
DZ: I'm only doing 5 right now until we figure out whats wrong 
NI; ok 
DZ goes back once again to the program 
BT; Why are you adding that? 
NI: because 
BT; I didn't mean anything, I'm just trying to figure out whats happening. 
DZ: Oh oh 
BT: Figure it out? 
DZ makes some more changes to the program and runs it again as the others chat 
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NI: Yes! Good boy... What did you do? 
DZ; All right... 
KH: BT, he's explaining it 
BT; OK, explain it to me 
DZ brings the program up on the screen and moves to a specific point in the program 
DZ; Ok, right here... so every time you are going to go through it, the number that x is is going to be 
different, the sum you want to decrease you have to add to it... every year you are going to have to 
decrease by more 
BT, NI; Ok... 
DZ; And I just happened to guess increase by 2%, every year you increase 2% more than the year 
before. That second year you increase by 4% 
NI: decrease 
DZ: decrease by 4%. ... Don't ask how I figured that out, I just guessed 
NI: Ok, now we've got to get it to get to 5000 
DZ: Yeah, right at 5000 
NI: So we have to keep changing this number? 
DZ; Yep 
NI; Ok, lets go 
DZ runs the program 
NI; Go lower [lower the input than what was just used] 1 point something, maybe we ought to do 
3... 
DZ; Lets try 3,1 don't know [meaning 1.3] 
inputs 3 and the results print out on the screen 
KH; It goes down 
DZ,NI; We've got to go the other way 
DZ runs the program again this time giving an input greater than 2% 
BT: Please Work, please work 
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the output appears on the screen 
KH, NI: Yecdi! [the results are much better] 
BT; Is that close enough? 
KH: I think it is 
NI: Try a little lower 
DZ runs the program again. The teacher comes over to check on the groups progress before anything 
is input 
KH: We have a working program,that works the right way 
NI: Yeah, there's [another group] just prints out the same number every time 
TEACHER: Thats good 
KH: We get 5 different numbers 
TEACHER: 5 numbers? Why? 
KH: Well 
BT: Just so we don't have to print out 50 numbers each time 
TEACHER: How does this part of the program work? [the teacher is looking at a hard copy of tlie 
program 
DZ: Well every year it gets higher so you are going to have to increase the decreasing amount 
DZ inputs numbers into the program -1.9% 
NI: Fewer than 9, lets make it 8, like 87 
DZ: 87, ok 
DZ: Don't ask me how I figured that out I just guessed...[to the teacher] 
INFORMATION/ALGORITHMIC'""^''''*'''''''*''''***'"'**'* 
TEACHER: What is that .0187? [this is the number that was input for the cut amount] 
BT: Thats how much you add to the cut amount 
DZ: Thats how much you add to the decrease amount every year. When you first... 
TEACHER: whats b? 
DZ: b is .02 
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TEACHER; Ok so thats your forrestation rate? 
DZ; Tliats the initial decreasing rate. Then every year we and 1.87% to the decreasing rate. 
TEACHER; Whats your cut? How much do you cut? ... Why are you changing the rate? The rate 
should be 2% every time shouldn't it? 
[The teacher is confused and tliinks that the rate they have been talking about is the reforestation 
rate. The teacher is trying to find out what they are using for a cut amount] 
DZ: Huh? 
TEACHER: Every year its going to grow back exactly 2%. That amount should not change. 
BT: No,.. 
DZ: Not if you... See... every time you cut its not going to be the same number though 
[There is still some confusion, the group is talking about the cut amount and the teacher is talking 
about the reforestation rate] 
TEACHER: Yes... every year they want to be able to cut the same number of trees, and its going to 
grow back at 2%. Look at an example. We have 50000 acres and cut 5000. The remaining acres will 
grow back at 2%. So 2% of this will be... Now we have this many acres and we have lost a few [the 
remaining acres is less than 50000]. The next year 5000 acres will be cut again. So every year the 
same amount is cut and whatever is left will grow back at 2% 
DZ: Ok... 
BT; So its going to grow back at 2% every year. 
TEACHER; Yes, so if it is going to grow back at 2% you need to figure out how much can you cut 
every year and keep the forest at about 50000 acres. You don't want to lose too much every year. 
Does that make sense? 
KH: So we have to cut a set amount first and then add it... let it grow back 
DZ: So you want to cut it and then grow it back... 
TEACHER: Assume that they will cut at the beginning of the year 
DZ; All right 
The period ends at that point 
Monday, Week 2 
DZ; [to the teacher] I am not quite sure I understand how this will work? Why wouldn't a 
percentage of acres be cut? 
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TEACHER; Because the company want to know exactly how many acres tliey will be cutting each 
year for budget purposes. If you are just cutting a percentage, the amount cut will be different every 
year. 
DZ: Okay, but now I am not quite sure how to change our program. 
TEACHER: Lets look at another example of what will happen with the forest, maybe that will 
help, [the teacher writes on the blackboard as he talks]. See if we have 100 acres initially 
and we have a cut amount of 20 acres, then after we cut there will be 80 acres left. If the 
reforestation rate is 8% then 8% of 80 will grow back. 8% of 80 is about 6 so 6 acres will grow back 
and at that end of the year there will be 86 forrested acres. Does that help? 
[DZ studies the board for a bit] 
DZ: Ok, I think I've got it. I really don't have to change too much to the program than do I? 
TEACHER: I wouldn't think so. 
[DZ studies the board for a while longer and then moves to his program and begins to make some 
changes. He spends the rest of the period making changes to the program to correct the way the cut 
amount is calculated.] 
Tuesday, Week 2 
[Now that they have a working program, the group gatliers at tlie begirming of the day to begin 
working on finding what cut amount to use for 2%. The girls leave the group immediately to begin 
the report] 
BT; I want to start the report 
KH; Yeah 
DZ: Go ahead 
[BT and KH move to another part of the room to begin the report for the project. DZ begins to use 
the program which they finally got to work yesterday to investigate what cut amount is needed. 
He works for a while by himself. After a bit the girls come back to check his progress. They watch 
him perform a couple of trials. He is very close to finding a correct cut amount, and is making small 
corrections as he narrows in on a good amount to use.] 
DZ: Ahhhh! 7 off now 
KH: You were closer the last time. 
DZ: We need to cut parts 
KH: Is 4 acres close enough? [They are within 4 acres of keeping the forest at 50000 acres] 
DZ: Thats as close as we are going to get without doing decimals 
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BT: Thats close enough 
KH: Is two acres close enough? 
NI; Fine with me 
[The group has found a good amount to use for the cut amount for a 2% reforestation rate as the 
period ends.] 
Wednesday, Week 2 
[Tlie group begins the day by splitting apart. The girls continue working on the report while DZ 
begins working on determining what percentage to use for an 8% reforestation rate. NI is not around. 
DZ works through this very quickly. He understands that the cut amount will have to be larger 
than the amount used for a 2% reforestation rate. Once he finishes that he begins working on 
getting tlie data into a format that can be used in a visualization program to they can create charts 
for the project report] 
AND VERBAL*******'^******* 
DZ; Do I have to make this program put the data into another file so we can put it into SpyGlass? 
TEACHER; Do you have your numbers figured out? 
DZ: Yeah, now I need to get the data into SpyGlass. Do I need a write statement? 
[DZ and the teacher spend several minutes talking about how to write the data to a file instead of 
the screen. As they finish talking the girls come over to get some information for the report.] 
KH: DZ, how does the program calculate the values? 
BT: Can you print the program? 
DZ; Yeah 
[DZ prints out the program for the girls to look at as they write the report. He then goes back to 
work modifying the program to put the output of the program into a file. Before the period ends he 
has finished making these changes] 
Thursday, Week 2 
[Researcher is gone visiting other schools. The group spends the day creating graphs of the data 
and finishing up the report. By the end of the day they have completed the project] 
Monday, Week 3 
Post test is given 
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APPENDIX D; HUMAN SUBJECTS APPROVAL 
Tliis appendix contains the approval granted by tlie Iowa State University Human Subjects 
Review committee. Also included in this appendix is the consent letter given to tlie parents emd 
guardians of students participating in the study. 
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Information for Review of Research Involving Human Subjects 
Iowa State University 
(Please type and use the attached Instructions for completing this form) 
1. Tiilp.nfPrnjc/'i Computational Science Proiffcts and t:hp dpvp•^ npmpn^  nf 
2. I agree to provide^e^^er fiSvwiia&e^^lliis^project to insure that the rights and welfare of the human subjects are 
protected. I will report any adverse reactions to the committee. Additions to or changes in research procedures after the 
project has been approved will be submitted to the committee for review, I agree to request renewal of approval for any project 
continuing more than one year. 
St-pphpn A. Fyfp 4/18/94 
Typed None of PrincipiTlnvatigator Dile Signamre opprincipil InveiugrtS/ 
nurn'culm and Instruction VA ••'iTfieln ^-5643 
Depaiuneni Cunptu Address Ounpm t elephone 
3. Signatur;zf)of other investig^ors 
Jl 
Date 
i 
Relationship to Principal Investigator 
APR 18 1994 
4. Principal Investigator(s) (check all that apply) Vft 
• Faculty • Staff B Graduate Student • Undergraduate Student VjJa isu .A 
5. Project (check all that apply) 
[j Research |3 "Hiesis or dissertation • Class project • Independent Study (490,590, Honors project) 
6. Number of subjects (complete all that apply) 
# Adults, non-students # ISU student # minors under 14 other (explain) 
FiD # minors 14 -17 
7. Brief description of proposed research involving human subjects: (See instructions, Item 7. Use an additional page if 
needed.) 
See Attached 
(Please do not send research, thesis, or dissertation proposals.) 
8. Informed Consent: E Signed informed consent will be obtained. (Attach a copy of your form.) 
• Modified informed consent will be obtained. (See insuiictions, item 8.) 
• Not applicable to this project. 
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9. Confidentinlicy of Data: Describe below the methixls to be used to ensure the confidendaliiy of data obtained. (See 
instrucuons, item 9.) 
Students participating in this study will be assigned an identification number for daata 
collection and analysis. Reports on specific students such as those being observed for the 
case study will not refer to either their name or identification number. 
I 
10. What risks or discomfort will be part of the study? Will subjects in the research be placed at risk or incur discomfort? 
Describe any risks to the subjects and precautions that will be taken to minimize them. (The conccpt of risk goes beyond 
physical risk and includes risks to subjects' dignity and self-respect as well as psychological or emodonal risk. See 
instrucuons, item 10.) 
The anonymity of students will be preserved so that students are not subject to embarrassment 
due to a poor performance on one of the tests or the project. The results of the tests 
will not effect the students grade for the course in which the project is being completed. 
' \ 
1 1 .  C H E C K  A L L  o f  t K e  f o l l o w i n g  t h a t  a p p l y  t o  y o u r  r e s e a r c h :  
• A. Medical clearance necessary before subjects can participate 
• B. Samples (Blood, tissue, etc.) from subjects 
-• C. Administration of substances (foods, drugs, etc.) to subjects 
Q D. Physical exercise or condidoning for subjects 
• Ei Deception of subjects 
• F. Subjects under 14 years of age and/or 0 Subjects 14 -17 years of age 
• G. Subjects in institudons (nursing homes, prisons, etc.) 
Q H. Research must be approved by another institution or agency (Attach letters of approval) 
Letters of approval from the schools participating in this study are being sought 
ir you checked any of the items in 11, please complete the following in the space below (include any attachments): 
Items A • D Describe the procedures and note the safety precautions being taken. 
Item E Describe how subjects will be deceived; justify the deception; indicate the debriefing procedure, including 
the timing and information to be presented to subjects. 
Item F For subjects under the age of 14, indicate how informed consent from parents or legally authorized repre­
sentatives as well as from subjects will be obtained. 
Items G & H Specify die agency or institution that must approve die project. If subjects in any outside agency or 
institution ate involved, approval must be obtained prior to beginning tiie research, and the letter of approval 
should be filed. 
The schools participating in this study are: Des Moines North, North Polk, West Bend Mallard 
and Humboldt. 
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Last  Name o f  Pr inc ipal  Invest igator  Fvfe  
Checklist for Attachments and Time Schedule 
The following are attached (please check): 
12. K] Letter or written statement to subjects indicating clearly: 
a) purpose of the rcscarch 
b) the use of any identifier codes (names, #'s), how they will be used, and when they will be 
removed (see Item 17) 
c) an esdmate of time needed for panicipation in the research and the place 
d) if applicable, location of the research acdvity 
e) how you will ensure confidenuality 
0 in a longitudinal study, note when and how you will contact subjects later 
g) panicipation is voluntary; nonparticipadon will not affect evaluadons of the subject 
13. B Consent form (if applicable) 
14. • Letter of approval for research from cooperadng organizations or institutions (if applicable) 
, „ These are still being gathered 
15. ^  Data-gathenng uistruments 
16. Anticipated dates for contact with subjects: 
First Contact Last Contact 
May 9. 1994 Mav 31. 1994 
Month / Day / Year Month / Day / Year 
17. If applicable: anticipated date that identifiers will be removed from completed survey instruments and/or audio or visual 
tapes will be erased: 
December 31, 1994 
Month / Day / Year 
I S .  S i g n a l ^  o f  D e p a n m e n t a ^ x e c u t i v e  O f f i c e r  D a t e  D e p a r t m e n t  o r  A d m i n i s t r a t i v e  U n i t  
riirn'riiliit" gpH ^nqtrnrtinn 
19. Decision of the University Human Subjects Review Committee: 
Project Approved Project Not Approved No Action Required 
P a t r i c i a  M .  K e i t h  
Name of Committee Chairperson Dab Signature of Committee Chauperson 
GC:l/90 
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April 27, 1994 
Dear Parent or Guardian 
As you know, high school has been participating in the Adventures in 
Supercomputing program this past year. Through this program, students at 
high school have had access to some of the most powerful computers available. As part of this 
program, students have used those computers to complete computational science projects throughout 
the year. 
Because this technology is so new, and has not been widely available to our schools, not much is 
l<nown about its use in our schools. In order to study the use of computational science projects in our 
schools, a research study has been designed to investigate the effectiveness of a computational 
science project in developing mathematical problem solving skills. In this study, students will 
spend approximately two weeks completing a computational science project in their Adventures in 
Supercomputing class. They will be given a math test before and after they complete the project. 
Information about the students mathematics background including their previous mathematics 
classes, their grades in those classes, and their ITED scores in mathematics will also be collected. 
The scores on the math tests and the information gathered about each student will be kept 
confidential. At no time will any of this informaHon be assiciated with an individual student's 
name. 
We would like to participate in this study. Lack of participation in the 
study will in no way affect their grade for the course in which the project is completed. All 
students in the course may complete the project as part of the course requirements, but only those 
students participating in the study will take part in the data collection. 
If you are willing to have participate in this study, please sign and 
return this letter. The results of the study will be very useful in understanding computational 
science projects and improving the Adventures in Supercomputing program. The participation of the 
students in this study is greatly appreciated. 
Sincerely 
Stephen Fyfe 
Technical Coordinator, Adventures in Supercomputing program 
Graduate student, Iowa State University 
Ann Thompson 
Department chair. Curriculum and Instruction 
I give my approval for to particpate in this study, and authorize the 
release of their mathematics classes taken, grades in those classes, and their ITED scores only to 
the investigators conducting this study. 
(signature of parent or guardian) 
